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ABSTRACT 
Legume species nodulate and grow successfully in the Core Cape Subregion, a Mediterranean-climate 
ecosystem with fynbos vegetation found on infertile soils.  The physiological mechanisms enabling 
tolerance of low availability of phosphorus (P) are yet to be reported in Cape legume species such as 
Aspalathus linearis and Podalyria calyptrata; species that demonstrated traits typical of plants from 
nutrient poor soils.  In the three research chapters of the thesis, it was anticipated that low P supply 
would limit plant growth and increase expression of traits for P acquisition. 
In chapter two, the physiological basis for tolerance of limiting P supply and for enhanced growth 
with simultaneous addition of nitrogen (N) and P in A. linearis was investigated.  It was hypothesised 
that increasing N supply would stimulate P acquisition mechanisms associated with greater P demand 
and enhance plant growth with high P supply.  In sand, plants received 100 µM, 300 µM, 500 µM and 
700 µM N at a low P level of 10 µM and a high P level of 100 µM.  In solution, plants received 200 
µM and 500 µM N at a low P level of 5 µM and a high P level of 15 µM.  Cluster roots formed only 
in plants with low P supply.  Roots showed greater citrate and malate production and phosphatase 
activity at 5 µM P than at 15 µM P.  At 10 µM P, greater N supply enhanced cluster root formation to 
60% of root biomass, and increased phosphatase activity of noncluster roots and succinate release by 
both root types.  At high P supply of 15 µM, greater N supply stimulated phosphatase activity of roots 
by 50%, increasing P-uptake and plant growth.  With increased resource partitioning towards 
mechanisms for P acquisition due to greater P demand, A. linearis is tolerant of low P supply and 
highly responsive to combined addition of N and P. 
In chapter three, the physiological basis for tolerance of low P supply in nodulated P. calyptrata was 
investigated and responses to increased supply of combined-N as Ca(NO3)2 and P were examined.  It 
was hypothesised that increasing supply of combined-N would stimulate P acquisition mechanisms 
and enhance plant growth with high P supply. Biomass, leaf [N] and [P], organic acid and 
phosphatase root exudates, and phosphoenolpyruvate carboxylase (PEPC) and malate dehydrogenase 
(MDH) activity in nodules and roots were examined in two N × P experiments.  Low P supply 
decreased leaf [P] and limited plant growth, decreasing the nodule:root ratio but increasing nodular 
PEPC and MDH activity for enhanced P acquisition or P utilisation.  Mechanisms for P acquisition 
such as organic acid root exudates, and PEPC and MDH activity in roots increased in response to an 
N-induced demand for P.  Greater supply of combined-N inhibited nodulation more at low P supply 
than at high P supply, consistent with balanced acquisition of P and N.  With high P supply, the plants 
nodulated prolifically meeting the P-induced demand for N, and increased supply of combined-N did 
not enhance plant growth.  P. calyptrata showed coordinated regulation of P and N acquisition in 
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response to demand for P and N, by partitioning of resources to roots, nodules, organic acids and 
through glycolytic enzymes, for tolerating growth at low P supply and responding to greater P supply. 
 
In chapter four it was investigated whether traits such as root:shoot ratio, specific root length, and 
organic acid exudation by roots, and the ecological niche, are conserved between closely related 
Podalyria species; P. calyptrata and P. burchellii are in a separate clade to P. leipoldtii and P. 
myrtillifolia.  The hypothesis was that closely related species would differ in their niche, and biomass 
allocation, specific root length and organic acid exudation responses to P supply.  With increasing P 
supply to each species in the glasshouse, plant biomass, leaf [N], [P], root morphology and release of 
organic acids were measured.  Furthermore, soil and leaf [N] and [P] and climate in field sites of each 
species were determined.  Accumulation and allocation of biomass in P. leipoldtii was least 
responsive to greater P supply.  P. burchellii allocated more biomass to roots and had fine roots 
similar to P. myrtillifolia; exudation of organic acids by thicker roots in P. calyptrata may enhance P 
acquisition.  In the field, leaf [P] and climate showed that P. leipoldtii occupied the most oligotrophic 
niche followed by P. burchellii, P. calyptrata and P. myrtillifolia.  Responses to P supply, and the 
ecological niche, differed between the closely related N2-fixing Podalyria species, indicating that the 
environment overrides phylogeny in determining P acquisition traits for these species, and suggesting 
that climate regulates nutrient availability, driving distribution and speciation in the fynbos. 
 
Although responsive to increased P supply, contingent upon greater N supply, the Cape legumes have 
adaptive traits for tolerance of low availability of P.  Plant responses were consistent with the theory 
that plants allocate resources for nutrient acquisition in response to demand, to maximise biomass 
accumulation and plant fitness.  The presence of distinct traits for P acquisition between closely 
related but geographically separate species, indicates a crucial role for the mechanisms of P 
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1 GENERAL INTRODUCTION 
1.1 Legumes in the oligotrophic soils of the Cape Region 
In the Mediterranean-climate ecosystem of the Core Cape Subregion (CCR), the landscape is 
dominated by sclerophyllous fynbos vegetation (Cowling and Holmes 1992; Goldblatt and Manning 
2012), found on soils of the Table Mountain Sandstone Group (Mucina and Rutherford 2006) that are 
low in availability of Bray II phosphorus (P) (Mitchell et al. 1984) and total nitrogen (N) (Stock and 
Lewis 1986).  Although the vegetation is mostly mountain and coastal fynbos, the region also contains 
strandveld and renosterveld, growing on nutrient rich Aeolian sand and shale parent material, 
respectively (Witkowski and Mitchell 1987; Cowling and Holmes 1992; Richard et al. 1995; Mucina 
and Rutherford 2006).  Witkowski and Mitchell (1987) found that strandveld soils had relatively high 
available P of 70 mg P kg-1.  In contrast, the concentration of Bray II P, for undisturbed legumes sites 
in the fynbos, mostly on soils derived from sandstone, was lower, ranging from 2 to 21 mg P kg-1 
(Spriggs 2004; Maistry et al. 2010).  The western CCR is characterised by wet winters and dry 
summers; in the east there is more year-round rainfall (Cowling et al. 2009).  These differences in 
climate may further influence availability of scarce nutrients.  Increased soil moisture can, for 
instance, increase the rate of diffusion of P to plants roots (Turner and Gilliam 1976), and warmer and 
wetter soil can also stimulate decomposition and mineralisation of soil nutrients  (Lukac et al. 2010).  
Furthermore, with higher precipitation, greater levels of weathering or leaching may have a positive 
or negative effect, respectively, on availability of nutrients in the soil (Austin and Vitousek 1998). 
Legumes nodulate and grow successfully in the oligotrophic Cape soils (Lamont 1982; Stock et al. 
1995; Muofhe and Dakora 1999; Cocks and Stock 2001; Spriggs 2004); with about 805 species of 
Fabaceae forming the second largest plant family to Asteraceae (Goldblatt and Manning 2012).  The 
legumes possibly benefit from N made available to the plant from a mutualistic symbiosis with 
rhizobia bacteria that fix atmospheric N2 (Sprent 1994).  In return, the host plant provides the bacteria 
with carbohydrates.  In a glasshouse study (Maistry et al. 2013), the fynbos shrub legumes Aspalathus
linearis (Burm.f.) R.Dahlgren (Tribe Crotalarieae) and Podalyria calyptrata (Retz.) Willd. (Tribe 
Podalyrieae) (Goldblatt and Manning 2012) nodulated the best out of 18 Cape legume species at 
extremely low P supply.  These two species also demonstrated traits such as an efficient use of P, poor 
down-regulation of P-uptake, storage of P in the shoot, and high seed P content.  These traits are 
typical of plants from nutrient poor soils (Hawkins et al. 2007; Ostertag 2010; Lambers et al. 2011).  
The physiological mechanisms enabling tolerance of low availability of P are yet to be reported in A.
linearis and P. calyptrata, and forms the primary objective of this thesis. 
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1.2 Mechanisms for acquisition of phosphorus 
 
Phosphorus is an essential nutrient for plant growth and development due to its essential role in 
genetic, metabolic, structural and regulatory macromolecules (Marschner 1995; Raghothama and 
Karthikeyan 2005; White and Hammond 2008).  In fynbos soil, however, 60–80% of P may be 
unavailable to the plant due to either adsorption into highly insoluble metal-P complexes or mineral 
compounds, or because P exists in the organic form (Mitchell et al. 1984; Witkowski and Mitchell 
1987; Schachtman et al. 1998; Hinsinger 2001).  As a result, the concentration of soil orthophosphate 
or inorganic phosphate (Pi), the form of P most available to a plant, is often as low as 1 to 10 M in 
solution (Schachtman et al. 1998).  Consequently, fynbos plants in the old infertile soils of the Cape 
Region (Hopper 2009), have evolved morphological, physiological and metabolic mechanisms to 
enhance the availability and acquisition of P (Lambers et al. 2006; Lambers et al. 2011), similar to 
traits expressed in plants at low P availability in other systems (Lajtha and Harrison 1995; Vance et al. 
2003; Gahoonia and Nielsen 2004; Hammond et al. 2004; Lynch and Brown 2006; White and 
Hammond 2008). 
 
Organic acids and phosphatase exudates 
 
Release of root exudates such as malate and citrate organic acids and acid phosphatase enzymes 
chemically increase the concentration of P ([P]) in solution, thus increasing the availability of Pi to the 
plant (Hinsinger 2001; Lambers et al. 2006).  Organic acids solubilise and mobilise sparingly soluble 
inorganic Ca, Al and Fe-P sources by chelating the cations and reducing the precipitation of P, 
through competition with the P anion for sorption sites, by displacing sorbed P through ligand 
exchange, or by the formation of soluble metal-P complexes (Jones and Darrah 1994; Ryan et al. 
2001).  In studying the rhizosphere extracts of 11 legume species in Australia, Pang et al. (2010) 
showed that the concentration of organic acids in the extracts increased at low P supply of 6 mg P kg-1 
compared to high P supply of 48 mg P kg-1.  Moreover, at low P supply, five of the six Australian 
species produced a greater concentration of organic acids compared to the five exotic species.  In 
Pearse et al. (2006a), the concentration of organic acids, released per unit dry matter (DM) of roots, 
increased with low P supply in three Lupinus species and in Pisum sativum L., but not in Triticum 
aestivum L., Brassica napus L., and seven other legume species.  In some instances, greater 
accumulation of biomass and exudation of organic acids by roots with increased supply of P was 
observed in T. aestivum (Pearse et al. 2006b) and in N2-fixing Lupinus angustifolius L. (Wang et al. 
2008). 
 
Similarly, greater phosphatase activity by Lupinus albus L. (white lupin) roots supplied with low 
amounts of P (Gilbert et al. 1999; Miller et al. 2001; Wasaki et al. 2003) can enhance the availability 
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of P in soils by hydrolysing organic sources of P (Tarafdar and Claassen 1988; Duff et al. 1994) such 
as myoinositolhexaphosphate.  Accordingly, in nine crop species, phosphatase activity of roots 
increased under conditions of low P supply (Tadano and Sakai 1991), and was greatest for roots of L. 
albus.  With species varying in their organic acid and phosphatase responses to low P supply, as 
possible mechanisms enabling tolerance of low availability of P, the root exudate responses of Cape 




In white lupin, the formation of cluster roots is stimulated by limiting the supply of P (Keerthisinghe 
et al. 1998; Lambers et al. 2006; Li et al. 2008).  Cluster roots are bottlebrush-like clusters of rootlets 
of determinate growth, that branch off lateral roots (Dinkelaker et al. 1989, 1995).  The greater 
density of root hairs in cluster roots than noncluster lateral roots (Dinkelaker et al. 1989), although 
excessive for P-uptake due to overlapping zones of depletion, creates a larger surface area of cluster 
roots, facilitating the release of more citrate and malate (Neumann et al. 1999; Roelofs et al. 2001; 
Shane and Lambers 2005) and phosphatase enzymes (Reddell et al. 1997; Gilbert et al. 1999; Wasaki 
et al. 2003) into the rhizosphere compared with noncluster roots.  In Hakea prostrata R.Br. 
(Proteaceae), for instance, exudation of citrate and malate was found to be four to fivefold greater in 
cluster roots than noncluster roots (Shane et al. 2004).  Lynch and Brown (2006) note that although 
white lupin (and Australian Proteaceae) has been examined in detail, the physiology of cluster roots in 
other species (such as A. linearis (Lambers et al. 2006; Maistry et al. 2013)) has received little 
attention. 
 
Root biomass, morphology, and architecture 
 
In response to low availability of P, plants may allocate more biomass to roots than shoots, resulting 
in a higher root:shoot ratio than at high availability of P (Freeden et al. 1989; Nielsen et al. 2001; 
Poorter et al. 2012).  The continued production of root biomass in the soil, by P limited plants, enables 
access to soil not yet depleted of P.  Acquisition of P can also be enhanced by altering the morphology 
of roots.  Specific root length (SRL), the ratio of root length to its mass, can be increased by 
decreasing root tissue density (RTD) or root diameter or both (Eissenstat 1991).  The increase in SRL 
enables the plant to explore a greater volume of soil per unit DM invested in the root, resulting in 
more rapid rates of root proliferation and hence greater P-uptake rates than roots with a lower SRL 
(Eissenstat 1991; Comas et al. 2002).  Therefore, SRL was observed to increase with low P supply in 
the 11 herbaceous legumes (Pang et al. 2010), for enhanced acquisition of nutrients.  Roots that have a 
thin diameter, however, or that are constructed with less dense tissue, also have a faster rate of 
turnover (Ryser 1996; Eissenstat et al. 2000), resulting in the loss of acquired resources, which may 
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be a disadvantage in oligotrophic conditions.  Hence slow growing species, such as those typically 
from nutrient poor soils (Chapin 1980), may have a low SRL (Comas et al. 2002; Comas and 
Eissenstat 2004; Roumet et al. 2006) for persistence of roots and conservation of resources.  Increased 
length and number of root hairs, which results in greater root surface area in contact with a volume of 
Pi-containing soil (Foehse and Jungk 1983; Jungk 2001), and enhanced mycorrhizal infection for 
scavenging larger volumes of soil (Bolan 1991; Brundett 2002; Smith et al. 2003; Lambers et al. 
2008) can increase the acquisition of P.  Low availability of P can also modify root architecture; 
plants form shallow basal roots with more adventitious roots and dispersed lateral root formation to 
enhance foraging in patches of greater P availability such as the topsoil (Lynch and Brown 2001). 
Enzymes for the metabolism of carbon in roots 
At the phosphoenolpyruvate (PEP) branch-point in glycolysis, in plants limited by P supply, modified 
metabolism of carbon (C) can bypass pyruvate kinase (PK) and the adenylate requiring production of 
pyruvate.  The sequential action of increased PEP carboxylase (PEPC), malate dehydrogenase 
(MDH), and malic enzyme (ME) activity, can facilitate continued flow of C to the tricarboxylic acid 
(TCA) cycle with limited demand for P (Duff et al. 1989; Theodorou and Plaxton 1993).  In addition, 
higher PEPC activity in cluster roots than in noncluster roots of L. albus, as evidenced by the greater 
presence of 14C, from PEPC-fixed 14CO2, in the exuded organic acids of cluster roots than noncluster 
roots, may enhance the synthesis of citrate and malate (Johnson et al. 1994, 1996; Neumann and 
Römheld 1999).  In contrast, no clear relationship was found between PEPC activity and increased 
exudation of organic acids in cluster roots (Keerthesinghe et al. 1998; Watt and Evans 1999; Shane et 
al. 2004).  Vance et al. (2003) note that at low P supply, greater exudation of citrate and malate may 
not depend solely on enhanced expression of PEPC and MDH, but can result from reduced utilisation 
of the organic acids through lower rates of respiration in cluster roots (Johnson et al. 1994).  
Phosphoenolpyruvate carboxylase can also recycle Pi by liberating Pi from PEP when catalysing its 
carboxylation to oxaloacetate (OAA) (Theodorou and Plaxton 1993).  In N2-fixing plants receiving 
adequate P supply, PEPC also provides C for replenishing TCA cycle intermediates such as citrate, 
used as C skeletons in the assimilation of N (Cramer et al. 1993; Huppe and Turpin 1994) or in root 
exudates (Johnson et al. 1994). 
1.3 The interaction between N and P supply on nutrient acquisition 
In previous studies (Power et al. 2010; Maistry et al. 2013), it was evident that the plants’ response to 
P supply was dependant on the level of N supply so that the effect of N supply on P acquisition 
mechanisms is of interest.  Greater N supply was observed to enhance the biomass of cluster roots in 
H. prostrata (Lamont 1972), and L. albus (Sas et al. 2002), but repress the formation of cluster roots
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in other Hakea spp. (Lamont 1972; Paungfoo-Lonhienne et al. 2009).  Some studies have also 
reported enhanced phosphatase activity of roots and soil with increased availability of N in soils low 
in P (Olander and Vitousek 2000; Treseder and Vitousek 2001; Houlton et al. 2008).  Therefore, the 
authors predicted that the increased N supply would enhance P availability and increase plant growth 
in P limited soils.  Their studies, however, did not demonstrate an increase in plant biomass with 
increased phosphatase activity.  Nitrogen deposition, to low-P ecosystems such as calcareous 
grasslands, has been observed to increase the biomass of Brachypodium pinnatum L. (Bobbink 1991; 
Willems et al. 1993).  The physiological mechanisms enabling this response, however, were not 
reported, but speculated to be a result of storage of P and its internal translocation by the grass 
species.  In most instances at low availability of P, there have been no biomass responses to increased 
N supply (Willems et al. 1993; Carroll et al. 2003; Phoenix et al. 2003) or decreased ecosystem 
productivity (Bobbink 1991; Willems et al. 1993; Johnson et al. 1999) and plant growth (Lajtha and 
Klein 1988).  It is likely, that with greater N availability at low P supply, the induction of cluster roots 
(Lamont 1972), and phosphatase activity (Treseder and Vitousek 2001; Johnson et al. 1999; Phoenix 
et al. 2003) may be plant responses to low availability of P relative to N (i.e. greater demand for P 
induced by N).  This is because a plant can regulate its N:P ratio relative to that of the supply N:P 
ratio (Bloom et al. 1985; Güsewell 2004; Elser et al. 2010) to compensate for imbalances in 
availability of the two nutrients.  Biological stoichiometry is the study of elemental balance and how 
living systems maintain relatively constant internal conditions in a changing environment (Elser et al. 
2000; Elser et al. 2010).  Although the plant N:P ratio usually reflects the soil or solution N:P ratio, it 
is now acknowledged that vascular plants exert a lot more control over their internal N:P ratios 
(Güsewell 2004; Elser et al. 2010), as demonstrated by the smaller range of N:P in the plant relative to 
the supply N:P range (Shaver and Melillo 1984; Lajtha and Klein 1988; Cernusak et al. 2010; 
Garrisch et al. 2010). 
 
Interactions between N and P can begin at a molecular level.  Changing N and P supply both induced 
the expression of nitrate and phosphate transporter genes in Solanum lycopersicum L. (tomato) (Wang 
et al. 2001), and 19 out of 35 genes in cluster roots of L. albus were also up-regulated by both N and P 
deficiency (Rath et al. 2010).  There have been few controlled studies in the literature where plants 
have been simultaneously grown on a range of N and P concentrations (Lajtha and Klein 1988; 
Shaver and Melillo 1984).  Most of the early work on plant nutrition focussed on the effects of 
manipulating the concentration of a single nutrient.  These studies, however, are still informative in 
showing the reciprocal relationship between greater supply of one element and greater demand for the 
other element.  Decreased N-uptake was associated with low P supply in tobacco, castor bean and 
common bean (Rufty et al. 1990; Jeschke et al. 1997; Gniazdowska et al. 1999).  Within a framework 
of low N demand at low P supply (Imsande and Touraine 1994; Gniazdowska et al. 1999; Glass et al. 
2002), two hypotheses have been proposed for the down-regulation of N-uptake.  Feedback inhibition 
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occurs when nitrate accumulates in the root due to slow growing shoots (Gniazdowska et al. 1999), 
whereas amino acids, instead, not used for growth and circulating in the phloem, signal down-
regulation of N-uptake (Rufty et al. 1990; Imsande and Touraine 1994; Glass et al. 2002) or N2-
fixation (Parsons et al. 1993).  Accordingly, the concentration of asparagine, which was 17-fold 
greater in the phloem sap at low P supply than at high P supply, and constituted 28% of total amino 
acids at low P supply (Sulieman et al. 2013), was responsible for feedback inhibition of N2-fixation 
(Almeida et al. 2000).  In nodules, malate derived from PEPC-fixation of CO2 is the main substrate 
for respiring bacteroids (Coker and Schubert 1981; Vance et al. 1983; Vance et al. 1985; King et al. 
1986; Rosendahl 1990).  With low demand for N at low P supply (Hartwig 1998; Almeida et al. 2000; 
Sulieman et al. 2013), however, the enhanced expression of PEPC and MDH genes, as observed in 
nodules and cluster roots of L. albus at low P supply (Uhde-Stone et al. 2003), most likely would be 
for allocation of C for acquisition or recycling of P, to balance P and N demand. 
 
Results from studies on Zea mays L. showed that increased nitrate supply can also raise P-uptake 
capacity and assimilation (Cole et al. 1963; Thien and McFee 1972; Smith and Jackson 1987).  
Furthermore, greater demand for N associated with increased P supply can increase N-uptake (Hills et 
al. 1970; Jones and Dighton 1993) possibly through greater investment in N-carrier enzymes and root 
production (Treseder and Vitousek 2001) or in nitrate reductase activity (Gordon et al. 2001).  
Legumes, in addition, may increase acquisition of N through increased nodulation (Maistry 2013) and 
N2-fixation.  A study on Trifolium pratense L. (Wall et al. 2000) suggested that acquisition of N was 
dependant on the level of P supplied.  In the nodulated plants, high P supply counteracted the 
inhibition of nodulation by nitrate (Wall et al. 2000), possibly due to a higher demand for N 
associated with a low N:P supply ratio at high P supply (Smith 1992).  In this regard, the typical 
observation of increased accumulation of plant and nodule DM (Jakobsen 1985; Israel 1987; Pereira 
and Bliss 1987; Drevon and Hartwig 1997), nitrogenase activity (acetylene reduction activity) (Crews 
1993; Drevon and Hartwig 1997; Sa and Israel 1991) and total N in the plant (Jakobsen 1985; Sa and 
Israel 1991; Schulze et al. 2006), with greater P supply, may be interpreted as a response to greater 
demand for N associated with increased P supply, and not due to a high demand for P by the N2-
fixation process as commonly perceived (Israel 1987; Hellsten and Huss-Danell 2002). 
 
1.4 Colimitation and balanced acquisition of N and P 
 
The physiological adjustments, described above, for acquisition of P and N in response to supply 
levels of the other ion, would be to bring the supply N:P ratio closer to the demand N:P ratio for 
growth under the prevailing conditions (Bloom et al. 1985; Houlton et al. 2008; Vitousek et al. 2010).  
This may be achieved by responses such as allocating resources away from the acquisition of the 
highly available nutrient towards acquisition of the limiting one (Bloom et al. 1985; Poorter et al. 
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2012), by using the nutrient available in excess to get more of the limiting nutrient (Houlton et al. 
2008), by internal translocation (Güsewell 2004) and remobilisation (Lambers et al. 2011) of the 
limiting nutrient, or by down-regulating the uptake system of the nutrient supplied in excess amounts 
(Shaver and Melillo 1984; Siddiqi et al. 1990).  According to the economic analysis of plant growth 
and resource balance (Bloom et al. 1985; Sinclair and Park 1993), plants allocate resources to 
maximise “profit” (biomass accumulation or fitness).  Therefore, if P, rather than N, for instance, 
becomes limiting to growth, the plant should adjust allocation of resources towards acquisition of P so 
that N and P equally limit plant growth.  In the book, “Resource Strategies of Wild Plants”, Craine 
(2009) has noted that the shift in our thinking on resource limitation needs to embrace the concept of 
colimitation as the rule rather than the exception, because colimitation describes resource limitation of 
plant growth more accurately than Liebig’s law of the minimum which proposes that plant growth is 
limited by one resource at any one time (Sinclair and Park 1993).  In a glasshouse study (Maistry et al. 
2013) and at an ecosystem (Niinemets and Kull 2005; Bishop et al. 2010) and global level (Elser et al. 
2007), strong empirical support for colimitation of plant growth has been demonstrated by the 
prevalence of synergistic N and P colimitation responses to factorial addition of N and P, as inferred 
from a model (Craine and Jackson 2010; Harpole et al. 2011) that examines possible biomass 
responses to simultaneous addition of N and P relative to ambient N and P supply.  The classic 
colimitation response of synergistic growth is a result of N and P being supplied in a ratio close to that 
of plant demand (Davidson and Howarth 2007).  In contrast, independent increases in N or P supply 
result in accumulation of the added nutrient (Craine et al. 2008), and once storage by vacuoles, for 
example, is exceeded, can induce limitation by the other nutrient as in Liebig’s law of the minimum.  
According to Davidson and Howarth (2007), however, there is an absence of data from controlled 
experiments investigating in a more mechanistic way the conditions under which N and P can limit 
plant growth as outlined in the theoretical analysis of Bloom et al. (1985) and in the meta-analyses of 
ecosystem productivity (Elser et al. 2007; Harpole et al. 2011). 
 
1.5 Carbon competition 
 
In contrast to the balanced and flexible acquisition of N and P by plants, the mechanisms for enhanced 
acquisition of P may have a negative effect on N2-fixation and assimilation of N.  Low demand for N 
at low P supply (Hartwig 1998; Almeida et al. 2000; Sulieman et al. 2013) may not be responsible for 
reduced allocation of resources to N2-fixation.  Responses to meet the greater demand for P may, 
instead, penalise N2-fixation and assimilation of the fixed N2, because the diversion of up to 25% of 
plant C for exudation of citrate and malate (Dinkelaker et al. 1989; Lambers et al. 2006) could 
compete with energy supply for N2-fixation and plant growth.  Le Roux et al. (2008) reported that the 
diversion of C for enhanced synthesis of organic acids in L. angustifolius may compete with energy 
supply for N2-fixation and N assimilation and consequently limit plant growth.  Conversely, whereas 
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L. albus cluster roots exuded 20 to 40-fold more exudates at low P than high P supply, N2-fixation in 
L. albus did not decrease (Vance et al. 2003).  The theory that P acquisition could negatively affect 
N2-fixation is based on the assumption that C may be limiting at low P supply.  Increased supply of C 
at low P supply, however, did not increase biomass accumulation (Stöcklin et al. 1998; Almeida et al. 
1999).  Furthermore, decreased shoot growth in P deficient plants was due to lowered leaf expansion 
(Radin and Eindenbock 1984; Freeden et al. 1989) and thus photosynthetic capacity was lowered due 
to reduced sink demand for C (Pieters et al. 2001).  Starch accumulation in leaves and roots of low P 
supplied soybean indicates that more C is assimilated than can be used in growth (Freeden et al. 
1989).  Hence, it appears that at low P supply, the plant can utilise the excess C assimilated when 
plant growth is limited by factors other than photosynthesis.  It is also thought that N2-fixation may 
incur a high demand for C.  Three studies cited in Pate et al. (1979) show a higher respiratory cost for 
N2-fixing than NO3-supplied plants, whereas two studies found no greater C cost for the N2-fixers.  
Therefore it is important to assess the effect of P acquisition and N acquisition on plant growth. 
 
1.6 Speciation and distribution of species 
 
Closely related species generally show trait or niche conservatism (phylogenetic signal, Webb 2000; 
Prinzing et al. 2001; Wiens 2004).  Therefore, physiological experiments that compare closely related 
species are considered to be more rigorous, giving greater confidence that where significant trait or 
ecological differences are found between species, the differences can be considered functional or 
adaptive (Fine et al. 2005).  Roumet et al. (2006) compared root traits between (fast-growing) annuals 
and (slow-growing) perennials in three families, Fabaceae, Asteraceae and Poaceae. They found an 
absence of phylogenetic signal because the life history traits were conserved across the three families; 
within each family, annuals, compared to perennials, had roots with higher SRL and [N] and lower 
RTD.  Because the closely related annual and perennial species were physiologically different, these 
results provided strong evidence for distinct strategies of resource acquisition in annuals but resource 
conservation in perennials, as previously theorised (Grime 1977; Chapin 1980).  Similarly, Cavender-
Bares et al. (2004) found that closely related oak species occurred in habitats with contrasting soil 
moisture, suggesting that moisture may influence speciation in the oaks.  Several authors have 
proposed that variation in availability of nutrients in the soil may drive the distribution patterns of 
species in the CCR (Cowling and Holmes 1992; Richards et al. 1997) because some species could 
possess traits for enhanced acquisition of nutrients and growth in more oligotrophic soils compared to 
species lacking these traits (Lamont 1982; Richards et al. 1997; Lambers et al. 2008; Shane et al. 
2008).  Beadle (1954, 1962) and Ozanne and Specht (1981) have also implicated soil P as a major 
factor determining species distribution in the heathland vegetation of Australia. This argument for 
speciation, being due to ecophysiological specialisation and niche segregation, is in contrast to Wiens 
(2004), who argued that the tendency of closely related species to conserve their ancestral niche can 
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lead to most speciation.  Given the diverse climatic (Cowling et al. 2009) and edaphic (Richards et al. 
1997) conditions in the CCR and the effect of climate on nutrient availability (Turner and Gilliam 
1976; Austin and Vitousek 1998; Lukac et al. 2010), differences in P acquisition traits between 
closely related legume species that are geographically separated, would emphasise that these traits 
play a critical role in the distribution and survival of plants in the Cape. 
1.7 Aims and Rationale 
In this study, observing the plant responses to low availability of P and to ecologically relevant levels 
of increasing N supply (Glass et al. 2002; Britto and Kronzucker 2005), to induce greater demand for 
P, were of interest.  Colimitation of the growth of legume plants provide an ideal opportunity for 
clearly observing the effects of changing N and P supply on biomass and biochemical partitioning in 
the plant.  Therefore, a major novelty of the study lies in investigating in a more mechanistic way the 
conditions under which N and P can limit plant growth.  In this regard, the use of species that form 
cluster roots or nodules was advantageous because formation of cluster roots is a clear indication of 
inadequate availability of P and formation of nodules clearly increases with N limitation.  Closely 
related species that have an allopatric distribution are also compared, to emphasise the relevance of P 
acquisition traits for survival in fynbos conditions. 
Thus the objectives of the study were to: 
a) investigate the physiological basis for tolerance of limiting P supply in Cape legume species
b) examine responses of P acquisition mechanisms and biomass to increased supply of
combined-N at low P and high P supply in A. linearis and P. calyptrata
c) assess the effect of N and P acquisition on plant growth at low P supply
d) investigate whether traits for P acquisition and the ecological niche differed between closely
related Podalyria species.
Therefore A. linearis (Chapter 2) and P. calyptrata (Chapter 3) received low and high P supply while 
increasing the supply of combined-N.  It was anticipated that low P supply would limit plant growth 
and stimulate the expression of P acquisition traits.  It was hypothesised that increased supply of 
combined-N would stimulate P acquisition mechanisms associated with greater P demand and result 
in enhanced plant growth with high P supply.  The study on A. linearis (Chapter 2) was designed to 
address objectives (a) and (b); the study on P. calyptrata (Chapter 3) considered objectives (a–c).  
Furthermore, four Podalyria species (Chapter 4) were studied in the glasshouse and in their natural 
habitats in the CCR, to address objectives (a) and (d).  Again it was anticipated that all four species 
would increase the expression of traits for acquisition of P with low P supply.  It was hypothesised 
that the two species in each closely related pair of P. calyptrata and P. burchellii, and of P. leipoldtii 
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and P. myrtillifolia, would differ in their biomass allocation, SRL and organic acid exudation 
responses to P supply, and that the two closely related species would occupy a different ecological 










2 Increasing nitrogen supply stimulates phosphorus acquisition mechanisms in the fynbos 






The shrub legume A. linearis is found in a Mediterranean-type ecosystem, the CCR (Manning and 
Goldblatt 2012), where plant-available N and P are scarce resources (Stock and Lewis 1986; 
Witkowski and Mitchell 1987).  Renowned for the commercially important Rooibos herbal tea 
produced from the shoots of wild or cultivated plants (Morton 1983), A. linearis occurs in the 
northern and western fynbos of the CCR on well drained, oligotrophic, sandstone soils with available 
P of ≈ 10 mg kg-1 and total N of ≈ 1 g kg-1 (Hawkins et al. 2011).  In a glasshouse study (Maistry et al. 
2013), A. linearis demonstrated traits such as an efficient use of P, poor down-regulation of P-uptake, 
storage of P in the shoot, and high seed P content.  These traits are typical of plants from nutrient poor 
soils (Hawkins et al. 2007; Ostertag 2010; Lambers et al. 2011).  Therefore A. linearis may be tolerant 
of growth in soils with low availability of P.  The physiological basis for this tolerance of limiting 
supply of P is yet to be reported. 
 
Cluster roots have been observed in A. linearis plants growing in the field and in the glasshouse 
(Lambers et al. 2006; Hawkins et al. 2011; Maistry et al. 2013).  These root structures are bottlebrush-
like clusters of densely hirsute rootlets of determinate growth, that branch off lateral roots (Dinkelaker 
et al. 1989, 1995).  Their formation is stimulated by limiting the supply of P (Keerthisinghe et al. 
1998; Li et al. 2008).  In L. albus and H. prostrata, the greater surface area of cluster roots (Shane and 
Lambers 2005) may facilitate the release of more citrate and malate into the rhizosphere compared to 
noncluster roots (Neumann et al. 1999; Roelofs et al. 2001; Shane et al. 2004).  The concentrations of 
organic acids released by roots were shown to increase with low P supply in studies on wheat, canola 
and 11 legume species (Pearse et al. 2006; Pang et al. 2010).  Organic acids may enhance the 
availability of P in the rhizosphere by solubilising and mobilising inorganic or sorbed sources of P 
through chelation of cations or by ligand exchange (Hinsinger 2001; Ryan et al. 2001).  In addition, 
greater phosphatase activity of cluster roots in comparison to noncluster roots may further enhance the 
availability of P by hydrolysing organic sources of P (Tarafdar and Claassen 1988; Reddell et al. 
1997; Gilbert et al. 1999), especially with soil organic matter accounting for 60–80% of P in fynbos 
soils (Mitchell et al. 1984; Witkowski and Mitchell 1987). 
 
Although low availability of P stimulates the formation of cluster roots, the role of N, however, is not 
as clear.  Application of low levels of N at low P supply enhanced the biomass of cluster roots 
compared with no N supply (Lamont 1972), whereas higher N supply repressed its formation in 
Hakea spp. (Lamont 1972; Paungfoo-Lonhienne et al. 2009).  In contrast, L. albus plants with the 
highest shoot N concentration ([N]) produced more cluster roots than plants with lower shoot [N] (Sas 
et al. 2002).  Some studies have also reported enhanced phosphatase activity of roots and soil with 
increased availability of N in soils low in P (Olander and Vitousek 2000; Treseder and Vitousek 2001; 
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Houlton et al. 2008).  Lamont et al. (2014) investigated the role of plant growth promoting 
rhizobacteria (PGPR) on cluster root formation and speculated that addition of N may, through 
increasing the metabolic activity of the PGPR, stimulate their production of chemical compounds that 
enhance formation of cluster roots.  Although cluster roots do also take up organic N (Hawkins et al. 
2005), given the role of cluster roots in P acquisition, it is more likely that that the induction of cluster 
roots and phosphatase activity by greater N supply may be due to low availability of P relative to N 
(i.e. greater demand for P induced by N (Phoenix et al. 2003)).  These effects of N supply on the 
mechanisms for P acquisition, and observations of N and P colimitation of plant growth (Power et al. 
2010; Maistry et al. 2013), imply that plant responses to N and P will depend on the relative supply 
levels of the two nutrients.  Therefore, in A. linearis, the interactive effects of N and P supply on P 
acquisition responses such as cluster root biomass and phosphatase enzymes, needs to be closely 
examined, and may provide an ideal opportunity for clearly observing the effects of changing N and P 
supply on biomass and biochemical partitioning in the plant. 
Although a plant’s N:P ratio usually reflects the soil or solution N:P ratio, a plant can regulate its N:P 
ratio relative to that of the supply N:P ratio (Güsewell 2004; Elser et al. 2010).  In S. lycopersicum, 
the supply of N and P both induced the expression of both nitrate and phosphate transporter genes 
(Wang et al. 2001), indicating that interactions of N and P begin at a molecular level.  Furthermore, 
the P-induced demand for N associated with increased P supply increased N-uptake possibly through 
greater investment in N-carrier enzymes and root production (Hills et al. 1970; Rufty et al. 1990; 
Treseder and Vitousek 2001), while increased nitrate supply raised P-uptake capacity and assimilation 
(Thien and McFee 1972; Smith and Jackson 1987).  A plant can regulate its N:P ratio by allocating 
resources away from the acquisition of the highly available nutrient towards acquisition of the 
limiting one (Bloom et al. 1985; Vitousek et al. 2010; Poorter et al. 2012).  This may also be achieved 
by using the nutrient available in excess to get more of the limiting nutrient (Houlton et al. 2008), by 
internal translocation of the limiting nutrient (Güsewell 2004), or by down-regulating the uptake 
system of the nutrient supplied in excess amounts (Shaver and Melillo 1984; Siddiqi et al. 1990).  
Ideally, these adjustments for acquisition of N and P would bring the supply N:P ratio closer to the 
demand N:P ratio for growth under the prevailing conditions (Bloom et al. 1985).  Some plants from 
the CCR, however, show a weak ability to down-regulate uptake of P when supplied excess P (Shane 
et al. 2008; Power et al. 2010; Maistry et al. 2013).  Although the accumulation of P may be adaptive 
in environments where nutrient supply is uncertain (Ostertag 2010), with increases in P supply giving 
lower shoot N:P ratios than expected (Matzek and Vitousek 2009), further accumulation beyond the 
storage capacity of vacuoles (Ryan et al. 2009) results in nutrient imbalances and decreased growth 
(Fujita et al. 2010; Maistry et al. 2013). 
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According to the optimal resource allocation strategy of Bloom et al. (1985), if P, rather than N, 
becomes limiting to growth for instance, the plant should adjust allocation of resources towards 
acquisition of P so that N and P equally limit plant growth.  This theory of multiple resource 
limitation is said to describe resource limitation of plant growth more accurately than Liebig’s law of 
the minimum which posits that plant growth is limited by one resource at any one time (Bloom et al. 
1985; Vitousek et al. 2010).  At an ecosystem and global level, strong empirical support for 
colimitation of plant growth has been demonstrated by the prevalence of synergistic N and P 
colimitation responses to factorial addition of N and P (Elser et al. 2007; Craine and Jackson 2010; 
Harpole et al. 2011).  A synergistic colimitation effect is said to occur when the biomass increase to 
simultaneous addition of N and P, relative to ambient N and P supply, is superadditive (i.e. it is 
greater than the sum of the responses to independent addition of N and independent addition of P), 
and emphasises the positive interactive effect of multiple resources on plant growth (Fageria 2001; 
Harpole et al. 2011).  As suggested by Davidson and Howarth (2007), however, there is an absence of 
data from controlled experiments investigating in a more mechanistic way the conditions under which 
N and P can limit plant growth as outlined in the theoretical analysis of Bloom et al. (1985) and in the 
meta-analyses of ecosystem productivity (Elser et al. 2007; Harpole et al. 2011). 
The aim of this study was to report on the physiological basis for tolerance of limiting supply of P and 
for synergistic growth responses to greater N and P supply in A. linearis.  This was investigated by 
studying the P acquisition mechanisms as N supply increased at low and high availability of P.  It was 
anticipated that low P supply would limit plant growth and increase expression of traits for P 
acquisition.  It was hypothesised that increasing N supply would stimulate mechanisms for P 
acquisition due to greater demand for P and result in enhanced plant growth with high P supply.  The 
responses of plant biomass, shoot or leaf [N], [P], and N:P ratio, and phosphatase and organic acid 
production by cluster and noncluster roots to N and P supply were examined in two N × P 
experiments. 
2.2 Materials and methods 
Growth conditions for sand culture 
Scarified seeds of Aspalathus linearis (Burm.f.) R.Dahlgren (232 ± 17 µg N seed-1, 38 ± 1 µg P seed-
1) were obtained from Heiveld Cooperative, Nieuwoudtville, Northern Cape, South Africa.  Seeds
were soaked overnight in water then sown in trays containing acid-washed sand and kept moist until
emergence.  Four weeks after emergence, seedlings of similar size were transplanted into plastic pots
filled with 3 kg of acid-washed sand and thinned to one seedling per pot after a further 4 weeks.  The
seedlings were watered three times a week with 200 mL of nutrient solution (pH 6.2).  The
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concentration of Ca(NO3)2 and KH2PO4 in the nutrient solution was adjusted to supply 100 µM, 300 
µM, 500 µM and 700 µM N at a low P level of 10 µM and a high P level of 100 µM.  Therefore, the 
experimentally administered N:P supply ratios (by mass) at low P supply were 9, 27, 45 and 63 with 
increasing N supply; at high P supply the ratios were 1, 3, 5 and 6.  The appropriate volume of CaSO4 
solution was added to the nutrient solution to compensate for the adjustments in Ca(NO3)2 so that all 
plants received 200 µM Ca.  The complete nutrient solution also contained: 200 µM K2SO4; 54 µM 
MgSO4; 0.24 µM MnSO4; 0.10 µM ZnSO4; 0.02 µM CuSO4; 2.4 µM H3BO3; 0.03 µM Na2MoO4; 10 
µM Fe-EDTA.  Pots were flushed with 1 L of tap water once a week to prevent salt accumulation.  
Plants were grown for 22 weeks from December 2010 to June 2011 in a glasshouse at the University 
of Cape Town (UCT) (33°57.353´S 18°27.742´E) with an average daytime temperature of 27°C 
controlled in the range of 20–30°C.  There were five pots as replicates (n=5) for each of the eight 
treatments.  Pots were placed on trolleys that were rearranged weekly. 
 
Growth conditions for solution culture 
 
Root physiology responses to nutrient deficiency may be different between plants cultured in sand 
substrate and nutrient solution, possibly due to differences in zones of depletion around the root and 
buffering capacity in the two growth media.  Many studies, however, report results on plants grown in 
nutrient solution (Neumann et al. 1999; Roelofs et al. 2001; Shane et al. 2004).  Without sand as a 
buffer, hydroponic culture has the advantages of greater control and certainty over the supply N:P 
ratio, and less handling of roots during harvesting.  Therefore, in addition to the plants cultivated in 
sand, A. linearis plants were also grown in aerated nutrient solution.  Four weeks after emergence, 
seedlings of similar size were transplanted into individual seedling trays containing acid-washed sand 
and grown for 8 weeks until of a suitable size and vigour to enable the seedling to be transferred to a 
hydroponic system.  The plant was gently removed from the sand and inserted through a hole in the 
lid of a 5-L black plastic bucket and supported by a loop of black foam around the base of the stem.  
The lid, holding four seedlings, was placed over the 5-L bucket containing aerated water which was 
changed to nutrient solution (pH 6.2) after 3 d.  After 4 weeks, seedlings were thinned to one per 
bucket.  The N and P treatments, were a factorial design with 200 µM and 500 µM N in a low P level 
of 5 µM and a high P level of 15 µM.  These concentrations of 5 µM and 15 µM P were selected to 
represent low and high P supply because in preliminary experiments conducted in hydroponic culture, 
a higher level of P such as 100 µM P was found to be extremely toxic to plant growth.  With the 
levels of N and P supplied, the experimentally administered N:P supply ratio (by mass) at a low P 
supply increased from 36 to 90 and increased from 12 to 30 at a high P supply.  Nitrogen was supplied 
as Ca(NO3)2 and P was supplied in a 1:1 ratio of KH2PO4:phytic acid (inositolhexaphosphate).  The 
nutrient solution was changed once a week.  Plants were grown for 19 weeks from October 2010 to 
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February 2011 in the glasshouse at UCT.  There were four buckets as replicates (n=4) for each of the 
four treatments. 
Plant biomass 
At harvest, roots were gently washed in water to remove sand.  Each plant was separated into shoots 
or leaves and stems, and noncluster roots and cluster roots.  Cluster roots were rinsed meticulously 
over a 1000-µm sieve to remove sand.  Plants did not form nodules in either experiment.  Roots were 
not examined for arbuscular mycorrhizal structures as the plants were not provided with mycorrhiza 
inoculum during culture.  Root death was evident in the plants receiving the combined supply of 100 
µM P and 100 µM N, with roots appearing brown in colour, limp and flimsy.  Plant material was 
dabbed dry with paper towels prior to determining weight of fresh matter (FM).  Plant material was 
dried at 60°C for 3 d and reweighed for DM.  Prior to weighing, dried cluster roots were inspected in 
a plastic container for any remaining trapped sand granules.  Samples were milled in a Wiley Mill 
using a 0.5 mm mesh (Arthur H. Thomas Co. Philadelphia, CA, USA). 
[N] and [P] analysis of plant tissue
For [N] analysis, between 1.9 and 2.1 mg of milled plant sample was weighed into 8 mm × 5 mm tin 
foil capsules (Elemental Microanalysis Ltd, Okehampton, UK) on a micro balance (Sartorius AG, 
Göttingen, Germany).  The capsules were folded to enclose the samples which were combusted in a 
Flash EA 1112 series elemental analyser (Thermo Electron, Milan, Italy).  The resulting gases were 
fed into a Delta Plus XP IRMS (isotope ratio mass spectrometer) (Thermo Finnigan, Bremen, 
Germany), via a Conflo III gas control unit (Thermo Finnigan, Germany).  The in-house standards 
used were Merck Gel, a proteinaceous gel produced by Merck (Darmstadt, Germany), and dried 
leaves of Tropaeolum majus L. (common nasturtium), collected from Woodbine Lane on UCT 
campus.  The in-house standards have been calibrated against International Atomic Energy Agency 
standards.  [P] was analysed using inductively coupled plasma atomic emission spectrometry 
(ICPAES) (Varian Vista MPX ICP-AES, Varian, Mulgrave, Australia) after dry-ashing pulverised 
plant material at 480°C for 8 h and dissolving in 16% HCl (Kalra 1998). 
Acid phosphatase assay of roots 
The phosphatase assay was performed on excised roots, as in the determination of phosphatase 
activities in root exudates (Gilbert et al. 1999) and in the determination of extracellular phosphatase 
activity of roots (Treseder and Vitousek 2001).  The cluster roots and noncluster fine roots were 
gently blotted dry on tissue paper and then weighed for a FM of between 300 and 600 mg.  For cluster 
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roots, only the cluster roots that appeared cream in colour and that were considered to be mature 
developed cluster roots were selected to be assayed.  Roots were kept on ice in a sterile 20-mL plastic 
pill vial during harvesting and then stored at −20°C before analysis.  Following an assay procedure 
adapted from Tabatabai and Bremner (1969), the roots were incubated in the dark in 4 mL of 15 mM 
2-morpholinoethanesulfonic acid (MES) and 500 µM CaCl2 (pH 5.5) and 1 mL of 10 mM para-
nitrophenylphosphate (p-NPP) at 28°C for 30 min.  The reaction was terminated with 4 mL of 0.5 M 
NaOH and 1 mL of 0.2 M CaCl2 and the assayed root material was recovered and dried in an oven, 
and DM recorded.  For the blank, roots were excluded from the reaction mixture.  As a control, a 
composite sample of cluster or noncluster fine root material was incubated in 4 mL of MES and CaCl2 
as above.  The reaction was terminated with NaOH and CaCl2 and then 1 mL of 10 mM p-NPP was 
added to the test tube.  Acid phosphatase activity of roots was based on the amount of para-
nitrophenol (p-NP) released as measured spectrophotometrically at 412 nm relative to known p-NP 
standards and expressed in terms of phosphatase activity per unit of DM (µmol p-NP g-1 DM h-1).  
The assay reading was corrected by subtracting the control absorbance reading from experimental 
assay readings. 
 
Collection and analysis of organic acid root exudates 
 
Excised cluster root and noncluster fine roots were gently blotted dry on tissue paper, and then 
weighed for between 300 and 600 mg FM.  Root material was kept on ice in a sterile 20-mL pill vial 
during harvesting.  A volume of 15 mL of sterile H2O (sH2O), containing 200 µM CaCl2 for 
electrolytic conductivity and maintaining cellular integrity (Pearse et al. 2006) was then added to each 
vial, submerging the roots.  Organic acids were collected by agitating vials on an orbital shaker (160 
rpm; Laboratory Marketing Services, Roodepoort, South Africa) for 1 h at 25°C.  The solution was 
filtered through filter paper and the root material recovered, dried in an oven and its DM recorded.  
The filtrate was filtered through a 20-µm Acrodisc syringe filter (GVS Filter Technology, 
Indianapolis, IN, USA) and stored at −20°C until freeze-dried and resuspended in 1mL of sH2O for 
analysis. 
 
Based on organic acids included in previous studies (Pearse et al. 2006; Pang et al. 2010), root 
exudates were assayed for the concentration of citrate, malate, succinate, lactate and acetate.  Oxalate 
was omitted from the study but has been reported in root exudates of forest tree species (Smith 1976); 
in pine seedlings associated with ectomycorrhiza that release oxalate, P availability may be enhanced 
(Gadd 1999; Casarin et al. 2004).  The organic acids were analysed at the Central Analytical Facility, 
Stellenbosch University, using enzymatic test kits in an Arena 20XT Enzyme Robot (Thermo 
Electron Oy, Vantaa, Finland). The concentration of malate, lactate and acetate in the sample was 
determined photometrically by measuring the increase in absorbance at 340 nm (Enzytec™ Fluid 
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enzyme kits, Thermo Fisher Scientific Oy, Vantaa, Finland), while the decrease in absorbance 
associated with the oxidation of NADH was used to determine the concentration of citrate and 
succinate (Yellow line enzyme kits, Roche, R-Biopharm AG, Darmstadt, Germany). 
Statistical analysis 
To reduce heteroscedasticity, all measurements were loge transformed before statistical analysis.  To 
test the N × P interaction, a factorial ANOVA was performed (STATISTICA version 11, StatSoft, 
Tulsa, OK, USA).  Means that were significantly different at P<0.05 were separated by Duncan’s 
multiple range test.  The effect of N supply on the percent cluster roots of total root DM in plants 
receiving low P supply was assessed using one-way ANOVA.  Pearson’s correlation coefficients were 
used to test statistical relationships between phosphatase activity of noncluster roots and shoot [N] 




There was a significant interaction (Fig. 1A, F3,32=47.79, P<0.001) between N and P supply on 
biomass accumulation.  Increasing P supply to the plants receiving 100 µM N, from 10 to 100 µM P, 
reduced biomass accumulation by threefold, but had no effect on biomass at 300 µM N supply, and 
increased the biomass formed in plants supplied with 500 and 700 µM N.  At low P supply, increasing 
N supply to 500 µM had no effect on biomass, whereas 700 µM N supply decreased biomass by 50%.  
At high P supply, however, greater supply of 300 µM N increased biomass accumulation by fourfold, 
and by a further twofold with 500 µM N, with no significant increase thereafter.  There was also a 
significant N × P interaction (Fig. 1B, F1,32=10.78, P<0.001) on total root:shoot ratio.  Increasing P 
supply decreased the total root:shoot ratio at 700 µM N supply but had no effect on the ratio at the 
lower levels of N supply.  Furthermore, increasing N supply increased the total root:shoot ratio at low 
P supply but decreased the ratio at high P supply.  Cluster roots did not form in plants receiving high 
P supply.  At low P supply, however, increasing N supply from 100 µM to 300 µM dramatically 
increased the proportion of cluster roots from 25% to nearly 60% of total root DM (Fig. 2A, 
F3,16=6.64, P<0.01); this proportion remained the same at 500 µM and 700 µM N supply. 
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Fig. 1.  Effect of P and N supply on (A) total dry matter (DM), (B) total root:shoot ratio, (C) shoot N 
concentration ([N]), (D) shoot N content, (E) shoot P content, and (F) shoot N:P ratio in Aspalathus linearis 
grown in sand culture. Effect of N supply and root type on (G) phosphatase activity, and (H) citrate, (I) malate, 
(J) succinate and (K) lactate concentrations in plants receiving 10 µM P. Means ± s.e. (n=5, except H–K, where 
n=4). Different lowercase letters indicate significantly different means between P and N levels at P<0.05 from 
a factorial ANOVA. Different lowercase letters with a prime symbol (') indicate significantly different means 




Shoot concentration and amount of N and P, and N:P ratio 
A significant N × P interaction was evident on shoot [N] (Fig. 1C, F3,32=43.17, P<0.001) and shoot N 
content (Fig. 1D, F3,32=19.99, P<0.001).  Increasing P supply at 100 µM and 300 µM N supply 
increased shoot [N].  With greater P supply at 500 µM and 700 µM N, however, shoot [N] was similar 
or lower than the respective plants receiving low P supply (Fig. 1C), possibly due to a dilution effect 
because the plants with greater P supply accumulated more N in their shoots (Fig. 1D).  Increasing N 
supply increased shoot [N] at low P supply but had no effect on shoot [N] at high P supply (Fig. 1C), 
possibly due to the diluting effect of greater biomass (Fig. 1D).  A significant N × P interaction also 
occurred on shoot [P] (Table 1, F3,32=13.36, P<0.001) and shoot P content (Fig. 1E, F3,32=21.32, 
P<0.001).  Increasing P supply increased shoot [P] at all levels of N supply.  Increasing N supply did 
not change shoot [P] at low P supply, but decreased shoot [P] at high P supply (Table 1) possibly as a 
dilution effect since the plants accumulated more P with greater N supply (Fig. 1E).  With greater P 
supply, the shoot N:P ratio decreased (Fig. 1F, F3,32=4.01, P<0.05) at all levels of N supply.  At low P 
supply, the shoot N:P ratio of 18 increased with 300 µM N supply, up to 52 at 500 µM and 700 µM N 
supply; at high P supply, the shoot N:P ratio of 2 increased to 4 and 6 with application of 500 µM and 
700 µM N respectively. 
Table 1.  Effect of P and N supply on shoot P concentration ([P]) in Aspalathus linearis grown in sand culture.
Means ± s.e. (n=5). Different lowercase letters indicate significantly different means between P and N levels 
(F3,32=13.36, P<0.001) from a factorial ANOVA. 
Phosphatase activity and organic acid exudation of roots 
At low P supply, the phosphatase activity and organic acid exudation of cluster roots and noncluster 
roots was compared.  Overall, there was no difference in phosphatase activity of cluster roots and 
noncluster roots when expressed on a DM basis (Fig. 1G).  Increasing N supply, however, increased 
(F3,32=15.10, P<0.001) the phosphatase activity of noncluster roots more than threefold but not that of 
cluster roots.  The phosphatase activity of noncluster roots showed a strong positive correlation with 
Shoot [P] (mg g
-1
) 
N (µM) 10  µM P 100  µM P 
100 0.60 ± 0.04cd 15.08 ± 1.18a 
300 0.48 ± 0.04d 12.54 ± 1.81a 
500 0.48 ± 0.05d   7.24 ± 1.44b 
700 0.70 ± 0.03c   5.12 ± 0.62b 
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shoot [N] (R2=0.76, P<0.01) and shoot N:P ratio (R2=0.66, P<0.01).  On a DM basis, cluster roots 
released greater amounts of citrate (Fig. 1H, F1,24=4.3, P<0.05) than noncluster roots, whereas the 
increased exudation of citrate with greater N supply was not significant (P<0.05).  The exudation of 
malate (Fig. 1I) was similar between both root types.  In contrast, noncluster roots released more 
succinate (Fig. 1J, F1,24=22.19, P<0.001) than cluster roots, and increasing N supply stimulated 
greater release of succinate in both types of roots (F3,24=5.43, P<0.01).  With greater N supply, lactate 
exudation by cluster and noncluster roots decreased and increased (Fig. 1K, F3,24=7.89, P<0.001) 












A significant N × P interaction (Fig. 3A, F1,12=19.78, P<0.001) was observed because increasing P 
supply from 5 µM to 15 µM increased biomass accumulation by 2.6-fold at 200 µM N supply, but by 
sevenfold in the plants receiving 500 µM N supply.  Furthermore, at low P supply, increasing N 
supply had no effect on biomass accumulation but increased the mass of plants by 2.5-fold at high P 
supply.  The proportion of total root DM to shoot DM decreased (Fig. 3B, F1,12=40.86, P<0.001) from 
≈ 70% to 40% with increasing P supply.  In addition, at both low and high P supply, increasing N 
supply decreased the total root:shoot ratio (F1,12=5.23, P<0.05).  Cluster roots did not form in plants at 
high P supply.  At low P supply (Fig. 2B), however, the increased formation of cluster roots with 
increasing N supply was not significant. 
 
 
Fig. 2.  Effect of N supply on the percentage of cluster roots of total root dry matter (DM) in Aspalathus linearis 
plants receiving low P supply, grown in (A) sand with 10 µM P and (B) solution with 5 µM P. Different 













Fig. 3.  Effect of P and N supply on (A) total dry matter (DM), (B) total root:shoot ratio, (C) leaf N concentration ([N]), (D) 
leaf N content, (E) leaf P content, (F) leaf N:P ratio, root (H) phosphatase activity, (I) citrate, (J) malate, and (K) lactate 
concentrations in Aspalathus linearis grown in solution culture. Effect of N supply and root type on (G) phosphatase activity 
in plants receiving 5 µM P. Means ± s.e. (n=4). Different lowercase letters indicate significantly different means between P 
and N levels at P<0.05 from a factorial ANOVA. Different lowercase letters with a prime symbol (') indicate significantly 
different means where no N × P interaction occurred; different uppercase letters indicate significantly different means 
between P levels. 
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Leaf concentration and amount of N and P, and N:P ratio 
 
Leaf [N] (Fig. 3C) was not affected by N or P supply.  This was due possibly to a dilution effect 
because increasing P supply increased the accumulation of N more at 500 than at 200 µM N supply 
(Fig. 3D, F1,12=13.11, P<0.01), whereas increasing N supply had no effect on N accumulation at low 
P supply but increased the content of foliar N at high P supply.  Foliar [P] increased (Table 2, 
F1,12=156.84, P<0.001) by threefold with increased P supply and was not influenced by N supply at 
each level of P supplied.  Only at high P supply, increasing N supply increased the amount of P in the 
leaf (Fig. 3E, F1,12=19.60, P<0.001).  The ratio of leaf N:P decreased (Fig. 3F, F1,12=190.15, P<0.001) 
with increasing P supply at both levels of N supply and increased with increasing N supply from 50 to 
59 and from 18 to 21 at low and high P supply respectively (F1,12=5.99, P<0.05). 
 
 
Table 2.  Effect of P and N supply on leaf P concentration ([P]) in Aspalathus linearis grown in solution culture. 
Means ± s.e. (n=4). Different uppercase letters indicate significantly different means between P levels 









Phosphatase activity and organic acid exudation of roots  
 
At low P supply, phosphatase activity of cluster and noncluster roots was not influenced by increasing 
N supply but was twofold greater in cluster roots than in noncluster roots (Fig. 3G, F1,12=14.34, 
P<0.01).  Low P supply increased the phosphatase activity of roots by 1.5-fold compared with the 
phosphatase activity of roots at high P supply (Fig. 3H, F1,12=19.30, P<0.001); at high P supply, 
increasing N supply from 200 µM to 500 µM increased phosphatase activity of roots by 50% 
(F1,12=8.56, P<0.05).  Low P supply also increased the exudation of citrate (Fig. 3I, F1,12=4.91, 
P<0.05) and malate (Fig. 3J, F1,12=15.12, P<0.01) by roots, whereas lactate production (Fig. 3K) was 
not stimulated by low P supply.  Acetate was not detected in the analysis and the amount of succinate 
released by roots was negligible (data not shown). 
 
 
 Leaf [P] (mg g
-1
) 
N (µM) 5  µM P 15  µM P 
200 0.50 ± 0.04B 1.43 ± 0.14A 
500 0.43 ± 0.03B 1.20 ± 0.11A 
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2.4 Discussion 
The physiological basis for tolerance of limiting P supply and for synergistic growth responses to 
simultaneous addition of N and P was investigated in A. linearis, by studying the response of its P 
acquisition mechanisms to increasing supply of N at low and high availability of P.  The P content 
(data not shown) of all plants at low P supply was greater than their initial seed P content, indicating 
that the plants were growing and taking up P from the growth medium.  As anticipated, low P supply 
of 5 µM P in solution culture or 10 µM P in sand culture limited biomass accumulation in A. linearis 
plants and stimulated P acquisition mechanisms.  Notably, in the plants cultured in both sand and 
solution, the expression of P acquisition mechanisms was shown to be dependent on N supply and 
was enhanced by the addition of N.  Therefore the hypothesis that increasing N supply would 
stimulate P acquisition mechanisms because of greater demand for P and result in enhanced growth 
with high P supply was supported. 
With low P supply greatly reducing shoot and foliar [P] (Tables 1 and 2), tissue N:P ratios were 
observed to increase.  In plants that received low P supply, these high internal N:P ratios signify a low 
availability of P relative to N and hence a greater demand for P.  In order to balance their N:P ratios 
plants would need to increase allocation of resources towards acquisition of P, as suggested by Bloom 
et al. (1985).  Hence cluster roots, a key adaptation for P acquisition (Shane and Lambers 2005), 
which were completely repressed at high P supply, formed at low P supply, similar to L. albus 
(Dinkelaker et al. 1989; Li et al. 2008).  Also analogous to responses in L. albus (Neumann et al. 
1999) and in H. prostrata (Shane et al. 2004), the cluster roots of plants cultured in sand released 
greater concentrations of citrate in comparison to noncluster roots (Fig. 1H).  Although organic acids 
may vary in efficacy based on their anion charge, the tricarboxylated citrate is reported to be the most 
effective at solubilising P, followed by malate and succinate (Ryan et al. 2001).  Therefore increased 
exudation of citrate by cluster roots at low P supply is a strong mechanism for enhanced acquisition of 
P (Shane and Lambers 2005).  Similar to Casuarina cunninghamiana Miq., which is found in soils 
with low availability of N and P (Reddell et al. 1997), the cluster roots of plants cultured in solution 
showed greater phosphatase activity than noncluster roots (Fig. 3G).  In addition, at low P supply, 
total root:shoot ratio increased, and phosphatase activity of roots (Fig. 3H) and citrate and malate 
released by roots was greater than at high P supply of 15 µM.  These responses to low P supply are 
consistent with previous reports of biomass allocation (Nielsen et al. 2001; Poorter et al. 2012) and 
root biochemistry responses (Tadano and Sakai 1991; Pearse et al. 2006) for enhanced P acquisition. 
With low P supply of 10 µM P in sand and with N supply increasing from 100 to 300 µM N, shoot 
[N] increased but shoot [P] remained at 0.5 mg P g-1, resulting in an increase in the shoot N:P ratio
from 18 to 36 (Fig. 1F).  The increase in shoot [N] and shoot N:P ratio induced a greater demand for P
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because the plant responded by stimulating a suite of P acquisition traits.  These responses included a 
substantial increase in the proportion of cluster roots to 60% of root biomass (Fig. 2A), comparable to 
proportions of 40–65% reported previously (Dinkelaker et al. 1995; Shane and Lambers 2005); 
phosphatase activity (Fig. 1G), and the concentration of citrate and malate released remained high.  
With the increase in N supply, the phosphatase activity of noncluster roots (Fig. 1G) and succinate 
released by cluster roots and noncluster roots (Fig. 1J) also increased.  The fact that a dramatic 
increase in cluster root biomass and the increased release of organic acids did not negatively affect 
plant biomass (Fig. 1A), similar to L. albus (Keerthisinghe et al. 1998), is evidence for a lack of C 
constraint on plant growth in A. linearis, given that cluster roots and organic acids have high 
metabolic costs (Dinkelaker et al. 1989; Lambers et al. 2006). 
 
At high P supply of 15 µM in solution culture, a synergistic growth response to combined addition of 
N and P occurred (Fig. 3A) and was associated with an N-induced stimulation of P acquisition.  
Biomass increased with supply of 15 µM P and 200 µM N until N possibly became limiting to 
growth, with a supply N:P ratio of 12.  With greater N supply of 500 µM N, the satiation of the high 
demand for N would have contributed to increased accumulation of biomass observed at 500 µM N 
supply but would also have caused a high demand for P, as also indicated by the increase in the 
supply N:P ratio from 12 to 30.  In response to the high demand for P, the phosphatase activity of 
roots increased by 50% (Fig. 3H) thereby contributing to the increased uptake of P (Fig. 3E) and 
ultimately enhancing biomass accumulation.  Accordingly, a P limiting supply ratio of 30 was 
adjusted in the leaf to a more balanced ratio of 21 (Fig. 3F).  The A. linearis plants showed the 
capacity to adjust allocation of resources towards acquisition of the more limiting P resource as 
suggested by the theoretical analysis of plant growth and resource balance in Bloom et al. (1985), 
thereby balancing supply with demand requirements for growth.  With fertilisation by N increasing 
growth and inducing greater P demand, the limitation of which was then in turn alleviated by 
enhanced acquisition of P, growth can be stimulated incrementally by N and P (Davidson and 
Howarth 2007), thereby creating the observed synergistic N and P colimitation response (Fig. 3A), 
consistent with earlier reports of such an effect (Elser et al. 2007; Harpole et al. 2011).  Enhanced 
phosphatase activity for P acquisition with greater N supply, is also consistent with the suggestion 
(Houlton et al. 2008) that the nutrient available in excess is used to acquire more of the limiting 
nutrient, given that phosphatase is an enzyme richer in N compared to C-rich organic acids, for 
instance. 
 
Although the synergistic growth response at 15 µM P supply occurred with a supply ratio of 30 that 
resulted in a more balanced foliar N:P ratio of 21, similar to N:P ratios of wild plants from nutrient 
poor soils (Lambers et al. 2010; Stock and Verboom 2012), enhanced biomass accumulation at 100 
µM P and 700 µM N supply (Fig. 1A) occurred with a very low shoot N:P ratio of 6 that was similar 
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to the N:P supply ratio.  The low shoot N:P ratio was due to accumulation of P and not N limitation 
per se as would be suggested by designated threshold N:P ratios for indicating limitation by N or P 
(Güsewell 2004).  Weak down-regulation of P-uptake was suggested in plants that received 100 µM P 
and 300 µM N, with 26-fold greater shoot [P] (Table 1) and 22-fold greater shoot P content (Fig. 1E) 
compared with plants that were the same size but supplied 10 µM P and 300 µM N.  Similar to 
Ptilotus polystachyus (Gaudich.) F.Muell., a native Australian non-legume herb from nutrient poor 
soils showing tolerance of high P supply (Ryan et al. 2009), A. linearis may accumulate large amounts 
of P in its vacuoles.  Tolerance of high tissue [P], without decreasing plant growth, may be adaptive 
for species from low P soils with a poor ability to down-regulate P-uptake.  In response to seasonal 
flushes of nutrient availability, for instance, P can be stored for times of low or uncertain nutrient 
supply (Ostertag 2010).  Nevertheless, the stored P would give lower shoot N:P ratios than expected 
(Matzek and Vitousek 2009), with a shoot N:P ratio of 6 not a true reflection of the plants’ demand 
N:P ratio. 
 
As a possible consequence of a low capacity to down-regulate uptake of the nutrient supplied in 
excess, A. linearis plants grew most poorly in the growth substrate with the most imbalanced N:P 
supply ratio when one nutrient was supplied in excess amounts and the other limiting to growth.  At 
high P supply when N supply was limiting, the plants receiving 100 µM P and 100 µM N were 
smaller than the plants supplied 10 µM P and 100 µM N (Fig. 1A) yet accumulated similar N, and 
showed no greater N constraint (Fig. 1D), but eightfold more P in their shoot (Fig. 1E).  The resulting 
shoot [P] of 15 mg P g-1, compared with shoot [P] of 5 mg P g-1 (Table 1) in the large plants supplied 
with 100 µM P and 700 µM N, indicates excessive accumulation of P.  Hence the tissue N though 
present is less available to the plant due to an excess of tissue P.  The plants growing with the 
imbalanced N:P supply ratio of 100 µM P and 100 µM N may have invested at an early stage more 
heavily to root biomass, to account for this imbalance (Fig. 1B).  Under the specific experimental 
conditions, there was little payoff for investing in root biomass, as no access to additional N could be 
achieved.  On the contrary the P-induced N limitation necessitated reduced investment to 
photosynthetic tissue, resulting in decreased biomass accumulation (Fig. 1A).  Similarly at low P 
supply of 10 µM, the plants receiving 700 µM N were smaller than the plants supplied with 100 µM 
N but accumulated similar levels of P and showed no greater P constraint (Fig. 1E) but two times 
more shoot N (Fig. 1D).  The resulting highest shoot [N] of 34 mg N g-1 (Fig. 1C) suggests an 
imbalance of tissue N and P when P was limiting, given the lower foliar [N] of 24 mg N g-1 for 
legumes in the CCR (Power et al. 2011) and of 13–19 mg N g-1 for global vegetation from published 
studies cited in Lambers et al. (2010).  Therefore, the poor growth of A. linearis plants (Fig. 1A) 
appears to occur because P, though present, is less available to the plant due to an excess of tissue N.  
In contrast to the excess supply of 700 µM N at low P supply, it appears likely that more than 700 µM 
N with 100 µM P supply may elicit a greater biomass accumulation response than that currently 
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observed, especially since shoot [P] of 5 mg P g-1 (Table 1) was also high relative to 1.2 mg P g-
1 (Table 2) for good growth.  Given the large biomass accumulated with a foliar N:P of 21 at 500 µM 
N and 15 µM P supply (Figs. 3A, 3F), it is predicted that supplies of 2.3 mM N and 100 µM P or 700 
µM N and 30 µM P in sand culture, which would give a supply N:P ratio of 21, would produce 




In A. linearis plants cultured in both sand and solution, addition of nitrogen induced a greater demand 
for P and stimulated P acquisition responses.  A. linearis is tolerant of low P supply and highly 
responsive to simultaneous addition of N and P through increased biomass and biochemical 
partitioning to roots, cluster roots, organic acids and phosphatase enzymes for P acquisition.  The 
adaptations for enhanced acquisition of P at low P supply concur with the distribution of A. linearis in 
oligotrophic CCR soils.  Furthermore, tolerance of high shoot [P] and synergistic growth is consistent 
with an ecological role as a post-fire coloniser when fast growth rates during times of greater resource 











3 Balanced allocation of organic acids and biomass for phosphorus and nitrogen demand in 





The CCR is a Mediterranean-type ecosystem dominated by sclerophyllous fynbos vegetation 
(Manning and Goldblatt 2012) found on oligotrophic soils of the Table Mountain Sandstone Group 
with low availability of Bray II P of about 4 mg kg-1 and total N of 1–2 g kg-1 (Mitchell et al. 1984; 
Stock and Lewis 1986).  The shrub legume P. calyptrata is found in the south-west CCR especially in 
mountain fynbos on the Cape Peninsula (Schutte-Vlok and van Wyk 2011).  The species is favoured 
for horticulture with its attractive silver-green foliage and fragrant purple-white blossoms that attract 
bees, butterflies and birds.  In a glasshouse study (Maistry et al. 2013), P. calyptrata showed superior 
nodulation at low P supply compared with 16 other fynbos legumes, and also demonstrated traits such 
as high P-use efficiency, poor down-regulation of P-uptake, storage of P in the shoot and a high seed 
P content.  These traits are typical of plants from oligotrophic soils (Hawkins et al. 2007; Ostertag 
2010; Lambers et al. 2011).  The physiological basis for P. calyptrata to tolerate low availability of P 
is yet to be reported.  Increased exudation of organic acids and phosphatase activity by roots may 
enhance acquisition of P from soils with low availability of P (Lambers et al. 2006).  The exudation of 
organic acids by roots was shown to increase with limited P supply (Pearse et al. 2006; Pang et al. 
2010) and may enhance the availability of P in the rhizosphere by chelating cations that precipitate P, 
or through ligand exchange by displacing sorbed P (Hinsinger 2001; Ryan et al. 2001).  In addition, 
soil organic matter accounts for 60–80% of P in fynbos soils (Mitchell et al. 1984; Witkowski and 
Mitchell 1987), and root-associated acid phosphatases may further enhance the availability of P for 
plants by hydrolysing these organic sources of P (Tarafdar and Claassen 1988; Gilbert et al. 1999). 
The addition of N to soils with low availability of P was also observed to increase the extracellular 
phosphatase activity of roots and soil (Olander and Vitousek 2000; Treseder and Vitousek 2001).  It is 
possible that the induction of the P acquisition mechanism by greater supply of combined-N may be 
in response to lower availability of P relative to N, i.e., a greater demand for P induced by N (Phoenix 
et al. 2003).  Colimitation of the growth of legume plants by N and P (Power et al. 2010; Maistry et al. 
2013), implies that plant responses to N and P will depend on the relative supply levels of the two 
nutrients, so that the interactive effects of N and P supply on the mechanisms for acquisition of P and 
N and growth need to be closely examined.  Plants can regulate their N:P ratios relative to that of the 
supply N:P ratio (Güsewell 2004; Elser et al. 2010).  Thus, with increasing supply of combined-N 
under P limiting conditions legume plants would need to allocate resources away from the acquisition 
of N towards acquisition of the more limiting P (Bloom et al. 1985) through decreasing nodulation 
(Streeter 1988) but increasing phosphatase activity or release of organic acids.  On the other hand, 
stimulation of growth in the fynbos legume Cyclopia genistoides (L.) R.Br. by adding P, was 
observed to decrease biomass allocation to roots for reduced investment in acquisition of P, but 
induce nodulation so as to enhance N supply to meet the P-induced demand for N (Maistry et al. 
30 
2013).  These physiological adjustments for acquisition of P and N would be to bring the supply N:P 
ratio closer to the demand N:P ratio for growth (Bloom et al. 1985; Houlton et al. 2008; Vitousek et 
al. 2010). 
Consistent with the resource allocation theory (Bloom et al. 1985) for balanced acquisition of P and 
N, decreased nodulation with low P supply has been attributed to reduced demand for N due to 
limitation of plant growth by deficiency of P (Almeida et al. 2000; Sulieman et al. 2013), often 
accompanied by greater investment of resources for P utilisation (Theodorou and Plaxton 1993; 
Araujo et al. 2008) or P acquisition such as greater root biomass, phosphatase activity and exudation 
of organic acids (Lambers et al. 2006).  At the biochemical level, increased PEPC activity at low P 
supply may enhance P acquisition through greater synthesis of citrate and malate as in cluster roots of
L. albus (Johnson et al. 1996; Neumann and Römheld 1999), or recycle Pi by liberating Pi from PEP
when catalysing its carboxylation to OAA (Theodorou and Plaxton 1993).  In addition, C from the
sequential action of increased PEPC, MDH and ME activity can facilitate continued mitochondrial
respiration in the TCA cycle with limited demand for P, by bypassing the adenylate requiring
production of pyruvate through PK (Duff et al. 1989; Theodorou and Plaxton 1993).  In N2-fixing
plants receiving adequate P supply, PEPC also provides C for replenishing TCA cycle intermediates
such as citrate, used in the assimilation of N (Cramer et al. 1993) or in root exudates (Johnson et al.
1994).  Furthermore, OAA that is derived from PEPC may be transaminated to aspartate via aspartate
aminotransferase (AAT) for assimilation of N (Coker and Schubert 1981), or converted by MDH to
malate for respiring bacteroids (Vance et al. 1985; Rosendahl et al. 1990; Fischinger and Schulze
2010).  Therefore PEPC, MDH and AAT play a critical role in coordinating the flow of C between N
and P pools in nodules (Vance and Heichel 1991; Smith et al. 2000; Colebatch et al. 2004; Fischinger
and Schulze 2010).
Inhibition of nitrogenase activity by factors such as low P supply (Sa and Israel 1991) or O2 (Laing et 
al. 1979), reduces synthesis and concentration of organic acids in nodules (Rosendahl et al. 1990; 
Vance and Heichel 1991) possibly due to low demand for malate by bacteroids or for C skeletons in 
the assimilation of N.  Given that tissue [P] and [N] correlate positively (Garten 1976) and that low P 
supply decreased nodulation in several studies (Olivera et al. 2004; Araujo et al. 2008; Maistry et al. 
2013), P limited N2-fixing plants have, therefore, low demand for N (Almeida et al. 2000; Sulieman et 
al. 2013).  Thus, the enhanced expression of PEPC and MDH genes as observed in nodules and 
cluster roots of L. albus at low P supply (Uhde-Stone et al. 2003) most likely is for allocation of C for 
acquisition or recycling of P.  Alternatively, low demand for N at low P supply may not be 
responsible for reduced allocation of resources to N2-fixation.  Responses to meet the greater demand 
for P instead may negatively affect N2-fixation and assimilation of the fixed N2, because the diversion 
of up to 25% of plant C for exudation of citrate and malate (Dinkelaker et al. 1989; Lambers et al. 
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2006) could compete with energy supply for N2-fixation and plant growth.  It has recently been 
reported that the diversion of C for enhanced synthesis of organic acids in L. angustifolius may 
compete with energy supply for N2-fixation and N assimilation (Le Roux et al. 2008). 
The physiological basis for tolerance of limiting P supply in nodulated P. calyptrata was investigated, 
and responses to increased supply of combined-N and P were examined.  This was achieved by 
studying growth responses and the mechanisms for acquisition of P and N and assimilation of N at 
low and high P supply while increasing the supply of combined-N.  It was anticipated that low P 
supply would limit plant growth and increase the expression of mechanisms for P acquisition.  It was 
hypothesised that increased supply of combined-N would also stimulate P acquisition mechanisms 
associated with greater P demand and result in enhanced plant growth with high P supply.  The 
responses of plant biomass, leaf [N] and [P] and leaf N:P ratio, extracellular phosphatase activity and 
organic acid exudates of roots, and PEPC, PK, MDH, ME, and AAT activity in nodules and roots to N 
and P supply were examined in two N × P experiments. 
3.2 Materials and methods 
Growth conditions for sand culture 
Seeds of Podalyria calyptrata (1.75 ± 0.54 mg N seed-1, 0.149 ± 0.003 mg P seed-1) were obtained 
from a natural population growing in Table Mountain National Park.  The seeds were soaked 
overnight in boiled water then sown in seedling trays containing acid-washed sand.  Immediately after 
emergence, each seedling was inoculated with rhizobia isolated from nodules harvested from plants of 
the same population in Table Mountain National Park and inoculum prepared according to Vincent 
(1970).  The rhizobia isolated from nodules were fast growing and creamy-white to watery in 
appearance (personal observation), typical of the Burkholderia tuberum strain that nodulates P.
calyptrata (Sprent et al. 2013).  Four weeks after emergence, seedlings of similar size were 
transplanted into plastic pots filled with 3 kg of acid-washed sand and inoculated with rhizobia.  
Seedlings were thinned to one per pot after a further four weeks, and there were five pots as replicates 
(n=5) for each of the eight treatments.  The concentration of Ca(NO3)2 and KH2PO4 in the solution 
was adjusted to supply the appropriate nitrate concentrations of 100 µM, 300 µM, 500 µM and 700 
µM and P concentrations of 10 µM and 100 µM, respectively.  Therefore with increasing provision of 
combined-N the experimentally administered N:P supply ratios (by mass) at a low P  level was 9, 27, 
45 and 63, and at a high P levels the ratios were 1, 3, 5 and 6.  To compensate for the adjustments in 
Ca(NO3)2, CaSO4 was added to the nutrient solution so that all plants received 200 µM Ca.  In 
addition to Ca(NO3)2, KH2PO4 and CaSO4, the complete nutrient solution also contained: 200 µM 
K2SO4, 54 µM MgSO4, 0.24 µM MnSO4, 0.10 µM ZnSO4, 0.02 µM CuSO4, 2.4 µM H3BO3, 0.03 µM 
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Na2MoO4, and 10 µM Fe-EDTA at pH 6.2, as used in the culture of legumes and Proteaceae from the 
CCR (Power et al. 2010; Maistry et al. 2013) and South West Australia (Shane et al. 2004).  The 
plants were watered three times a week with 200 mL of nutrient solution.  Pots were flushed with 1 L 
tap water once a week to prevent salt accumulation.  Plants were grown for 21 weeks from April 2011 
to August 2011 in a glasshouse at UCT (S 33° 57.353; E 18° 27.742) with an average daytime 
temperature of 21°C controlled in the range of 20–30°C inside the glasshouse.  Pots were placed on 
trolleys that were rearranged weekly. 
 
Growth conditions for solution culture 
 
Root physiology responses to nutrient supply may be different between plants cultured in sand 
substrate and nutrient solution, possibly due to differences in zones of depletion around the root and 
buffering capacity in the two growth media.  Some studies, however, report results on plants grown in 
nutrient solution (Neumann et al. 1999; Roelofs et al. 2001; Shane et al. 2004).  Without sand as a 
buffer, hydroponic culture has the advantages of greater control and certainty over the supply N:P 
ratio, and less handling of nodules and roots during harvesting.  Therefore, in addition to the plants 
cultivated in sand, P. calyptrata plants were also grown concurrently in solution.  Seeds were 
germinated, and inoculated early, similar to the procedure for plants cultured in sand.  Four weeks 
after emergence, seedlings of similar size were transferred to a hydroponic system.  The roots of each 
seedling were inoculated with rhizobia, and the plant was inserted through a hole in the lid of a 5-L 
black plastic bucket and supported by a loop of black foam around the base of the stem. The lid, 
holding four seedlings, was placed over the 5-L bucket containing aerated water which was changed 
to the nutrient solution (pH 6.2) after 3 d.  Seedlings were provided a start-up N of 100 µM NO3 with 
4 µM P during the next four weeks and were then thinned to one per bucket.  There were four buckets 
as replicates (n=4) for each of the four treatments.  The N and P treatments were a factorial design 
with N2-fixing only (N2-fixing) and 500 µM NO3 in a low P level of 5 µM and a higher P level of 15 
µM.  These concentrations of 5 µM and 15 µM P were selected to represent low and high P supply 
because in preliminary experiments conducted in hydroponic culture, a higher level of P such as 100 
µM P was found to be extremely toxic to plant growth.  The inoculated plants that received 500 µM 
NO3 did not form nodules and are hereafter referred to as “NO3-supplied” plants.  The experimentally 
administered N:P supply ratio (by mass) for NO3-supplied plants was 90 at low P supply and 30 at 
high P supply.  The nutrient solution was changed once a week.  Plants were grown for 23 weeks from 






At harvest, roots were gently washed in water to remove sand and each plant was separated into 
leaves, stems, roots and nodules.  Plant material was dabbed dry with paper towels prior to 
determining FM.  Only the NO3-supplied plants grown in solution did not form nodules.  Seven of the 
youngest fully opened leaves of each plant were selected for leaf area measurements on a LI-3100 
Area Meter (LI-COR, Lincoln, NE, USA).  Plant material was dried at 60°C for 3 d and after DM 
recorded the material was milled in a Wiley Mill using a 0.5 mm mesh (Arthur H. Thomas Co. 
Philadelphia, CA, USA). 
 
Plant tissue [N] and [P] analysis 
 
Leaf [N] was determined using mass spectrometry.  Between 1.9 and 2.1 mg of milled plant sample 
was weighed into 8 mm × 5 mm tin foil capsules (Elemental Microanalysis Ltd., Okehampton, UK) 
on a Sartorius microbalance.  The capsules were folded to enclose the samples which were combusted 
in a Flash EA 1112 series elemental analyser (Thermo Electron, Italy).  The resulting gases were fed 
into a Delta Plus XP IRMS (Thermo Finnigan, Germany), via a Conflo III gas control unit (Thermo 
Finnigan).  The in-house standards used were Merck Gel, a proteinaceous gel produced by Merck, and 
dried leaves of T. majus collected from Woodbine Lane, UCT campus.  The in-house standards have 
been calibrated against International Atomic Energy Agency standards.  Leaf [P] was analysed using 
ICPAES (Varian Vista MPX ICP-AES; Varian, Mulgrave, Australia) after dry-ashing pulverised plant 
material at 480°C for 8 h and dissolving in 16% HCl (Kalra, 1998). 
 
Root extracellular phosphatase assay 
 
The phosphatase assay was performed on excised roots as in the determination of phosphatase 
activities in root exudates (Gilbert et al. 1999) and in the determination of extracellular phosphatase 
activity of roots (Treseder and Vitousek 2001).  During harvesting between 300 and 600 mg FM of 
excised fine roots were kept on ice in a sterile 20-mL pill vial and then stored at −20°C before 
analysis.  Following a procedure adapted from Tabatabai and Bremner (1969), roots were assayed in 
the dark in a solution of 4 mL of 15 mM MES and 500 µM CaCl2 (pH 5.5) and 1 mL of 10 mM p-
NPP at 28°C for 30 min.  The reaction was terminated with 4 mL of 0.5 M NaOH and 1 mL of 0.2 M 
CaCl2, the assayed root material was recovered and dried in the oven at 60°C for 3 d and DM 
recorded.  For the blank, root matter was excluded from the reaction mixture.  For the control, a 
composite sample of fine root material from each treatment was incubated in 4 mL of MES and CaCl2 
as above, the reaction terminated with NaOH and CaCl2 and then 1 mL of 10 mM p-NPP was added 
to the test tube.  Acid phosphatase activity of roots was based on the amount of p-NP released as 
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measured spectrophotometrically at 412 nm relative to known p-NP standards and expressed in terms 
of phosphatase activity per unit of DM (µmol p-NP g-1 DM h-1).  The assay reading was corrected by 
subtracting the control absorbance reading from experimental assay readings. 
Collection and analysis of organic acid root exudates 
Between 300 and 600 mg FM of excised fine roots were kept on ice in a sterile 20-mL pill vial during 
harvesting.  A volume of 15 mL of sH2O, containing 200 µM CaCl2 for electrolytic conductivity and 
maintaining cellular integrity (Pearse et al. 2006) was then added to each vial, submerging the roots.  
Organic acids were collected by agitating vials on an orbital shaker (160 rpm) for 1 h at 25°C.  The 
solution was filtered through filter paper and the root material was recovered, dried at 60°C for 3 d 
and DM recorded.  The filtrate was filtered through a 20-µm Acrodisc syringe filter and stored at 
−20°C until freeze dried and resuspended in 1 mL of sH2O.  Analysis of citrate, malate, succinate, and
acetate concentration was performed at the Central Analytical Facility, Stellenbosch University, with
enzymatic test kits in an Arena 20XT Enzyme Robot (Thermo Electron Oy, Finland).  Concentration
of malate and acetate in the sample was determined photometrically by measuring the increase in
absorbance at 340 nm (Enzytec™ Fluid enzyme kits, Thermo Fisher Scientific Oy, Finland).  The
decrease in absorbance associated with the oxidation of NADH was used to determine the
concentration of citrate and succinate (Yellow line enzyme kits, Roche, R-Biopharm AG, Darmstadt,
Germany).
Protein extraction and determination in nodules and roots 
At harvest, nodules and a sample of fine roots were weighed for FM then frozen in liquid nitrogen and 
stored at −80°C.  For PEPC, PK, MDH and ME, between 300 and 600 mg of nodule or root tissue was 
ground in liquid nitrogen and extracted in 1.5–2 mL of buffer solution consisting of 100 mM Tris-HCl 
(pH 7.8), 1 mM EDTA, 5 mM dithiothreitol (DTT), 20% (v/v) ethylene glycol, 2% (m/v) insoluble 
polyvinylpolypyrrolidone (PVPP) (Ocaña et al. 1996) and one Complete Protease Inhibitor Cocktail 
tablet (Roche) per 50 mL of buffer (Le Roux et al. 2008).  For AAT, extract was obtained from 300 to 
600 mg of tissue ground in 3–6 mL of buffer made with 100 mM maleic acid-KOH (pH 6.8), 100 mM 
sucrose, 2% (v/v) β-mercaptoethanol, 15% (v/v) ethylene glycol and 10% (m/v) PVPP (Olivera et al. 
2004).  The tissue protein concentration was determined using Bradford reagent (Bio-Rad) and bovine 
serum albumin (BSA) as a standard (Bradford 1976). 
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In vitro enzyme assays on nodule and root extracts 
The activity of PEPC, PK, MDH and AAT was determined spectrophotometrically (Multiskan 
Spectrum, Thermo Electron Corporation) by measuring the decrease in absorbance accompanying 
NADH oxidation at 340 nm and 20°C, whereas ME activity was based on the absorbance of NADPH 
reduction (Le Roux et al. 2008).  All the reactions were initiated by adding 30 μL of crude extract to 
220 μL reaction mixture giving a total volume of 250 μL.  Initial reaction rates have been shown to be 
proportional to the concentration of enzyme under the specified conditions.  In vitro specific enzyme 
activity was expressed as nmol min-1 mg-1 protein to represent potential in vivo enzyme activity. 
PEPC (EC 4.1.1.31) activity was determined in an assay mixture containing 100 mM Tris (pH 8.5), 5 
mM MgCl2, 5 mM NaHCO3, 4 mM PEP, 0.20 mM NADH and 5 U of MDH (Ocaña et al. 1996). The 
blanks consisted of a reaction medium without PEP and one with sH2O instead of enzyme. 
PK (EC 2.7.1.40) activity was assayed in a buffer containing 75 mM Tris-HCl (pH 7.0), 5 mM MgCl2, 
1 mM ADP, 3 mM PEP, 0.18 mM NADH and 3 U lactate dehydrogenase (Smith 1985).  For two 
blanks, PEP was omitted in one reaction while the other reaction was minus enzyme. 
NADH-MDH (EC 1.1.1.37) activity was measured in a pH 7.5 solution containing 25 mM KH2PO4 
buffer, 0.2 mM NADH and 0.4 mM OAA (Appels and Haaker 1988). The blanks consisted of a 
reaction medium without OAA and one without enzyme. 
NADP-ME (EC 1.1.1.40) was assayed in a mixture that contained 80 mM Tris-HCl (pH 7.5), 2 mM 
MnCl2, 1 mM malate and 0.4 mM NADP (Smith 1985). The blanks consisted of a reaction medium 
without malate, and without enzyme. 
AAT (EC 2.6.1.1) activity was assayed in 50 mM Tris-HCl buffer (pH 8.0) with 4 mM MgCl2, 10 
mM aspartic acid, 0.2 mM NADH and 1 mM 2-oxoglutarate (Olivera et al. 2004).  One blank did not 
contain aspartate and 2-oxoglutarate and the other was without enzyme. 
Statistical analysis 
To reduce heteroscedasticity, all measurements were loge transformed before statistical analysis.  To 
test the N × P interaction, a factorial ANOVA was performed (STATISTICA version 11, StatSoft, 
Tulsa, OK, USA).  The effect of P supply on nodule:root ratio and on nodule enzyme activity in N2-
fixing plants was assessed using one-way ANOVA.  Means that were significantly different at P<0.05 








Low P supply decreased biomass accumulation more than threefold (Fig. 1A, F1,32=435.98, P<0.001), 
while increasing nitrate supply had no effect on the biomass formed at both low and high P supply.  
Decreasing the amount of P supply, however, increased the allocation of biomass to roots by threefold 
(Fig. 1B, F1,32=690.30, P<0.001), from just above 20% of the shoot DM at high P supply to 
approximately 70% of shoot DM at low P supply, but increasing nitrate supply did not influence 
biomass allocation between root and shoot.  In contrast, low P supply decreased the proportion of 
roots that were nodules by nearly twofold from approximately 12% of root mass at 100 µM P to 6% at 
10 µM P supply (Fig. 1C, F1,32=489.82, P<0.001).  There was, however, a significant interaction 
(F3,32=14.55, P<0.001) between nitrate and P supply on the ratio of nodule:root, because increasing 
nitrate supply decreased nodulation by 60% at low P supply compared with a 20% reduction at 100 
µM P supply.  Specifically, 300 µM NO3 induced a lower level of nodulation at 10 µM P supply, 
while a higher level of nitrate of 700 µM was necessary to reduce nodulation with supply of 100 µM 
P.  Leaf weight ratio (LWR), the fraction of total plant DM allocated to leaves, decreased by 6% (Fig. 
1D, F1,32=38.44, P<0.001), and the ratio of total leaf area to total plant DM (LAR) decreased twofold 
with low P supply (Fig. 1E, F1,32=259.34, P<0.001), but the ratios were not changed by increasing 
nitrate supply at either level of P. 
 
Leaf [N] and [P] and N:P ratio 
 
Decreasing P supply reduced leaf [N] from ca. 40 mg N g-1 at 100 µM P supply to ca. 22 mg N g-1 in 
plants receiving 10 µM P (Fig. 1F, F1,32=523.02, P<0.001).  On the other hand, increasing nitrate 
supply had no effect on foliar [N].  Low P supply decreased leaf [P] from 2.06 mg P g-1 to 0.54 mg P 
g-1 in plants receiving 100 µM NO3 (Fig. 1G, F1,32=722.13, P<0.001).  Furthermore, increasing nitrate 
supply decreased leaf [P] to 0.38 mg P g-1 at low P supply and to 1.74 mg P g-1 at high P supply 
(F3,32=4.00, P<0.05).  The leaf N:P ratio was higher at low P supply than at high P supply (Table 1, 
F1,32=305.35, P<0.001).  There was a significant (F3,32=3.68, P<0.05) N × P interaction on the leaf 
N:P ratio because at low P supply increasing nitrate supply increased the ratio from 39 to 62, whereas 






Extracellular phosphatase activity and organic acid exudates of roots 
Phosphatase activity of roots of approximately 300 µmol p-NP g-1 DM h-1 (Fig. 2A) was not 
influenced by nitrate or P supply.  The amount of citrate released by roots, however, decreased (Fig. 
2B, F1,24=10.36, P<0.01) with low P supply but increased (F3,24=6.38, P<0.01) with greater nitrate 
supply at both 10 µM and 100 µM P.  In contrast, the exudation of malate (Fig. 2C), succinate (Fig. 
2D) and acetate (Fig. 2E) by roots increased (F1,24=107.36, 100.14, and 34.86 respectively, P<0.001) 
Fig.1.  Effect of phosphorus (P) and nitrate (NO3) on (A) total dry matter (DM), (B) root:shoot, (C) nodule:root, 
(D) leaf weight ratio (LWR), (E) leaf area ratio (LAR), (F) leaf [N], and (G) leaf [P] in nodulated Podalyria
calyptrata grown in sand culture. Means ± s.e. (n=5). Different lowercase letters indicate significantly different
means between levels of P and NO3 at P<0.05 from a factorial ANOVA. Different lowercase letters with a prime
symbol (') indicate significantly different means where no N × P interaction occurred; different uppercase letters
indicate significantly different means between P levels.
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with 10 µM P supply.  Increasing nitrate supply also increased the amount of acetate released by roots 
receiving both 10 and 100 µM P (F3,24=10.72, P<0.001). 
Table 1.  Effect of P and nitrate (NO3) supply on leaf N:P ratio of nodulated Podalyria calyptrata grown in sand 
culture. Means ± s.e. (n=5). Different lowercase letters indicate significantly different means between P and 
NO3 levels (F3,32=3.68, P<0.05) from a factorial ANOVA. The experimentally administered N:P supply ratio is 




Leaf N:P ratio 
NO3 (µM) 10 µM P 100 µM P 
100 (9) 39 ± 1b (1) 21 ± 1c
300 (27) 53 ± 6a (3) 23 ± 1c
500 (45) 54 ± 3a (5) 22 ± 1c
700 (63) 62 ± 5a (6) 21 ± 1c
Fig. 2.  Effect of phosphorus (P) and nitrate (NO3) on (A) extracellular phosphatase activity and (B) citrate, (C) 
malate, (D) succinate, and (E) acetate concentration of root exudates in nodulated Podalyria calyptrata grown in 
sand culture. Means ± s.e. (A, n=5; B–E, n=4). Different lowercase letters indicate significantly different means 
between P levels and NO3 levels at P<0.05 from a factorial ANOVA.  Different lowercase letters with a prime 
symbol (') indicate significantly different means where no N × P interaction occurred; different uppercase letters 










Plants of P. calyptrata receiving low P supply of 5 µM accumulated nearly threefold less biomass 
compared to plants supplied with 15 µM P and this biomass was not changed in either the N2-fixing or 
NO3-supplied plants (Fig. 3A, F1,12=238.09, P<0.001).  The proportion of the root relative to the 
shoot, however, increased with low P supply, from 35% to 60% of the shoot DM, and was also not 
Fig. 3.  Effect of phosphorus (P) and source of nitrogen (N) on (A) total dry matter (DM), (B) root:shoot, (D) leaf 
weight ratio (LWR), (E) leaf area ratio (LAR), (F) leaf [N] and (G) leaf [P], and effect of P on (C) nodule:root in 
Podalyria calyptrata grown in solution culture. Means ± s.e. (n=4). Different lowercase letters indicate 
significantly different means between P levels and source of N at P<0.05 from a factorial ANOVA. Different 
uppercase letters indicate significantly different means between P levels, with (C) assessed from a one-way 
ANOVA. 
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influenced by the source of N (Fig. 3B, F1,12=22.52, P<0.001).  Similar to the response of plant 
biomass, the nodule:root ratio in the N2-fixing plants decreased threefold (Fig. 3C, F1,6=30.63, 
P<0.001) with low P supply.  Nodules did not form on the roots of NO3-supplied plants.  Supply of 5 
µM P did not change the LWR (Fig. 3D) but decreased the LAR by 25% (Fig. 3E, F1,12=25.89, 
P<0.001).  The LWR and LAR were not changed by the provision of combined-N at both levels of P 
supply. 
 
Leaf [N] and [P] and N:P ratio 
 
Decreasing P supply did not decrease leaf [N] (Fig. 3F), possibly due to a dilution effect in the plants 
supplied with 15 µM P, which accumulated more biomass (Fig. 3A) and, therefore, more N.  At both 
low P and high P supply, the NO3-supplied plants, with ca. 24 mg N g-1, had about 25% greater leaf 
[N] than the N2-fixing plants (F1,12=24.60, P<0.001).  Low P supply decreased leaf [P] from ca. 0.66 
mg P g-1 to 0.25 mg P g-1 in the N2-fixing plants (Fig. 3G, F1,12=287.60, P<0.001).  Furthermore, 
increasing nitrate supply of 500 µM decreased leaf [P] (F1,12=6.04, P<0.05) to 0.20 mg P g-1 at low P 
supply but leaf [P] was similar between the two N treatments at high P supply.  The leaf N:P ratio was 
higher at 5 µM than 15 µM P supply (Table 2, F1,12=200.99, P<0.001), however, there was a 
significant (F1,12=5.45, P<0.05) N × P interaction on the leaf N:P ratio because at low P supply 
addition of 500 µM NO3 increased the ratio from 72 to 114, whereas at high P supply nitrate supply 
did not change the leaf N:P ratio. 
 
Table 2.  Effect of P and source of N on leaf N:P ratio of Podalyria calyptrata grown in solution culture. Means 
± s.e. (n=4). Different lowercase letters indicate significantly different means between P levels and N source 









Nodule extract enzyme activity 
 
In the nodules of plants receiving low P supply, PEPC activity increased by 40% (Fig. 4A, F1,6=5.45, 
P<0.05) and MDH activity increased twofold (Fig. 4B, F1,6=6.92, P<0.05) relative to the respective 
 Leaf N:P ratio 
N source 5 µM P 15 µM P 
N2           72 ± 7b         31 ± 1c 
500 µM N (90) 114 ± 6a (30) 38 ± 2c 
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enzyme activity in nodules of N2-fixing plants receiving 15 µM P.  Nodular AAT (Fig. 4C), PK and 

















Fig. 4.  Effect of phosphorus (P) on in vitro specific activity of (A) phosphoenolpyruvate carboxylase (PEPC), (B) 
malate dehydrogenase (MDH) and (C) aspartate aminotransferase (AAT) in nodules of N2-fixing Podalyria 
calyptrata grown in solution culture. Means ± s.e. (n=4). Different lowercase letters indicate significantly 
different means between P levels at P<0.05 from a one-way ANOVA. NS=not significant.  
Fig. 5.  Effect of phosphorus (P) and source of nitrogen (N) on in vitro specific activity of (A) 
phosphoenolpyruvate carboxylase (PEPC), (B) malate dehydrogenase (MDH), (C) aspartate aminotransferase 
(AAT), (D) pyruvate kinase (PK) and (E) malic enzyme (ME) in roots of Podalyria calyptrata grown in solution 
culture. Means ± s.e. (n=4). Different lowercase letters indicate significantly different means between P levels and 
source of N at P<0.05 from a factorial ANOVA; different uppercase letters indicate significantly means between P 
levels. 
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Root extract enzyme activity 
Phosphoenolpyruvate carboxylase activity in the roots of N2-fixing and NO3-supplied plants was not 
changed by low P supply, but it was greater in the NO3-supplied plants than in the N2-fixing plants at 
both 5 and 15 µM P (Fig. 5A, F1,12=19.67, P<0.001).  Malate dehydrogenase activity recorded 
significant interactive effects of N and P supply (Fig. 5B, F1,12=5.92, P<0.05).  At 15 µM P supply, 
MDH activity in the roots of N2-fixing plants was low relative to that of the NO3-supplied plants and 
the plants at low P supply.  There was also a significant N × P interaction on AAT activity in roots 
because the application of low P supply decreased root AAT activity in NO3-supplied plants but not in 
the N2-fixing plants (Fig. 5C, F1,12=5.84, P<0.05).  With low P supply both PK (Fig. 5D, F1,12=4.81, 
P<0.05) and ME (Fig. 5E, F1,12=6.72, P<0.05) activity in the NO3-supplied and N2-fixing plants 
decreased. 
3.4 Discussion 
In the plants cultured in both sand and solution, the hypothesis that increased supply of combined-N 
would stimulate mechanisms for P acquisition and result in enhanced plant growth with high P supply 
was partly supported.  In response to a greater demand for P induced by the addition of combined-N, 
the mechanisms for P acquisition were enhanced at both low and high P supply.  With greater P 
supply, however, high nodulation levels in plants receiving low nitrate supply of 100 µM in sand, or 
without nitrate supply in solution, possibly increased the supply of N in these plants, thus meeting the 
P-induced demand for N and preventing the increased supply of combined-N from having a 
significant effect on accumulation of more biomass. 
The plants receiving low P supply in sand and solution culture showed low foliar [P], but adequate 
levels of N that were within the range of foliar [N] of 24 mg N g-1 for legumes in the CCR (Power et 
al. 2011) and of 13–19 mg N g-1 for global vegetation from published studies (Lambers et al. 2010).  
Therefore with low P supply the low tissue levels of P relative to available N indicate high demand 
for P (or low demand for N).  The plant would be expected to balance levels of tissue P and N 
(Güsewell 2004; Elser et al. 2010) by allocating resources away from the acquisition of N towards 
mechanisms for the acquisition, conservation or recycling of the more limiting P (Bloom et al. 1985).  
Hence, with low P supply, two to threefold lower investment of resources into nodule biomass (Figs. 
1C and 3C) was accompanied by stimulation of P acquisition traits such as greater exudation of 
malate, succinate and acetate by roots of plants grown in sand (Fig. 2C–E), and greater allocation of 
biomass to roots, as mechanisms for enhanced acquisition of P (Hinsinger 2001; Nielsen et al. 2001; 
Lambers et al. 2006; Poorter et al. 2012).  Based on anion charge, the tricarboxylated citrate is 
reported to be the most effective at solubilising P, followed by malate and succinate, and then acetate 
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(Ryan et al. 2001).  Furthermore, with low P supply of 5 µM in solution culture, the activity of PK in 
roots also decreased (Fig. 5D).  This finding is consistent with reduced rates of phosphorylation of 
ADP to ATP (Theodorou and Plaxton 1993), implying more recycling of Pi.  Lower cytosolic ME 
activity (Fig. 5E) can decrease the internal use of malate (Copeland et al. 1989), and facilitate greater 
exudation levels by roots, as was observed in plants grown in sand at low P supply.  Low P supply 
decreased nodule biomass but increased nodular PEPC and MDH activity.  It is proposed, that due to 
the high tissue N:P ratio of 72 (Table 2), greater PEPC and MDH activity in nodules, similar to 
enhanced expression of PEPC and MDH genes in low-P nodules and cluster roots of L. albus (Uhde-
Stone et al. 2003), most likely is for acquisition of P (Johnson et al. 1996; Al-niemi et al. 1998) or for 
greater recycling of Pi (Theodorou and Plaxton 1993) and not for increased production of malate for 
respiration by bacteroids (Vance et al. 1985; Rosendahl et al. 1990; Fischinger and Schulze 2010). 
Notably, with the greater PEPC or MDH activity in nodules and roots (Fig. 5B) at low P supply, AAT 
activity in N2-fixing plants (Figs. 4C and 5C) was unaffected, indicating that the investment of C for 
acquisition or recycling of P did not negatively affect assimilation of the fixed N2 in nodules and 
roots. 
With increased supply of combined-N, plant responses of reduced leaf [P] or increases in leaf [N] or 
both, together with an increasing N:P supply ratio, may have induced a greater demand for P.  It is 
known for instance, that increased amounts of N in the solution or in the plant tissue increased the 
demand and capacity for uptake of P (Cole et al. 1963; Chapin 1980; Fageria 2001).  As a result, the 
plant roots showed greater citrate and acetate exudation and greater PEPC and MDH activity for 
enhanced acquisition of P, similar to L. angustifolius where high N supply also stimulated citrate 
exudation at high P supply (Hocking and Jeffrey 2004).  Consistent with balanced acquisition of P and 
N, increased supply of combined-N decreased the nodule:root ratio by 60% at low P supply but by 
20% at high P supply of 100 µM (Fig. 1C).  The lower inhibition of nodulation by nitrate at high P 
supply, as demonstrated previously (Wall et al. 2000), is clear evidence for a coordinated response to 
lower N demand associated with low P supply, but higher N demand associated with high P supply.  
Moreover, such colimitation of nodule growth by N and P indicates that the level of nodulation or N2-
fixation is dependent on the relative supply levels of N and P.  As was also observed in other studies 
(Leidi and Rodriguez-Navarro 2000; Gentili and Huss-Danell 2003), however, high P supply did not 
counteract the nitrate inhibition of nodulation in solution culture, possibly because of the combined 
effect of a high leaf [N] and a relatively high N:P supply ratio of 30 in the NO3-supplied plants. 
It was also evident that neither the increasing investments in C for greater synthesis and exudation of 
organic acids nor the decreasing biomass allocation to nodules, associated with greater supply of 
combined-N, altered the total plant biomass accumulated, root:shoot ratio, and LWR or LAR.  The 
amount of biomass allocated to roots and leaves was not affected by nodule growth because the plants 
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instead acquired N from the nitrate supplied.  Therefore, N acquisition, and organic acid metabolism 
for nutrient acquisition, appears to have a demand for C that is not limiting total biomass 
accumulation.  Given that low P supply to the plants decreased the nodule:root ratio and increased P 
acquisition traits, it may be interpreted that C for nodule biomass was instead invested into acquisition 
of P, implying that nodule growth was C limited and hence low N supply was also limiting plant 
growth.  Biomass, however, did not increase with increasing nitrate supply of 300 µM (Fig. 1A) or 
500 µM (Fig. 3A) to the nodulated plants at low P supply,  confirming that plant growth was not 
limited by N supply.  It is clear that with low P supply, the allocation of C for acquisition of P is a 
regulated response to P limitation (Bloom et al. 1985), and is consistent with balanced acquisition of P 
and N for high P demand and low N demand, thereby tolerating growth at limiting P supply.  In 
addition, with increasing nitrate supply, P limited plants were able to maintain biomass accumulation 
despite the high and different N:P supply and foliar ratios (Tables 1 and 2), showing tolerance of N:P 
ratio imbalances. 
 
At high P supply in sand and solution, the plants with low nitrate supply of 100 µM or without nitrate 
supply nodulated prolifically.  Given that N limitation makes plants unresponsive to P fertilisation 
(Power et al. 2010; Maistry et al. 2013), the investment in nodulation to increase the supply of N to 
meet the P-induced demand for N, may explain the increased biomass accumulation in the plants 
supplied with low or no nitrate, that led to similar biomass accumulation with plants receiving greater 
supply of 700 µM or 500 µM NO3.  The ability to nodulate and fix N2 to meet the N demand of 
increased availability of P may also explain the proliferation of P. calyptrata seedlings in post-fire 





Podalyria calyptrata plants cultured in sand and solution increased expression of traits for P 
acquisition in response to a greater demand for P induced by the addition of combined-N, and reduced 
nodulation due to low demand for N at low P supply.  Within the framework of a coherent theory of 
nutrient balance, P. calyptrata showed co-ordinated regulation of P and N acquisition in response to 
demand for P and N by partitioning resources to roots, nodules, organic acids and through glycolytic 
enzymes, for tolerating growth at low P supply and responding to greater P supply.  By averting N-
limitation at high P supply, growth of N2-fixing P. calyptrata may be enhanced with anthropogenic 
additions of P to N limited Mediterranean ecosystems. 
 
45 
4 Mechanisms for acquisition of phosphorus and growth vary in closely related Podalyria 





The CCR is a Mediterranean-type ecosystem dominated by sclerophyllous fynbos vegetation 
(Manning and Goldblatt 2012) occurring on mostly sandstone parent rock with low availability of P 
and N (Stock and Lewis 1986; Witkowski and Mitchell 1987).  The shrub legume P. calyptrata, 
favoured in horticulture for its attractive silver-green foliage and fragrant purple-white blossoms, is 
found in the CCR on sandstone mountain fynbos soils (Manders 1990; Schutte-Vlok and van Wyk 
2011).  In a glasshouse study, N2-fixing P. calyptrata showed traits that are typical of plants from 
oligotrophic soils (Cocks and Stock 2001; Hawkins et al. 2007; Ostertag 2010; Lambers et al. 2011) 
through superior nodulation at low P supply compared with 16 other fynbos legume species, high P-
use efficiency, storage of P in the shoot and high seed P content (Maistry et al. 2013).  The 
physiological and morphological basis for this tolerance of low availability of P is yet to be reported. 
 
Increased exudation of organic acids by roots may increase the availability of P from sparingly 
soluble sources through chelating cations that precipitate P or by displacing sorbed P through ligand 
exchange (Hinsinger 2001; Ryan et al. 2001; Lambers et al. 2006).  Therefore, with limited provision 
of P supplied as KH2PO4, the concentration of organic acids effluxed by roots increased in P. sativum 
and in Lupinus species supplied with 1 mM NO3 (Pearse et al. 2006a), and in 11 inoculated Australian 
native and exotic perennial legume species (Pang et al. 2010).  In some instances, however, greater 
accumulation of biomass and exudation of organic acids by roots with increased supply of P was 
observed in T. aestivum (Pearse et al. 2006b) and in N2-fixing L. angustifolius (Wang et al. 2008), 
while B. napus plants with the highest foliar [P] also released more organic acids per root DM than 
plants with lower foliar [P] (Pearse et al. 2007).  In response to low availability of P, plants may 
adjust allocation between organs, partitioning more biomass to roots than shoots, resulting in a higher 
root:shoot ratio than at high P availability (Nielsen et al. 2001; Poorter et al. 2012).  Acquisition of P 
can also be enhanced by altering organ morphology through increasing SRL.  By increasing root 
length more than root mass through making roots with low RTD or a small diameter or both 
(Eissenstat 1991), a greater SRL allows a plant to increase the volume of soil explored per unit DM 
invested in the root, resulting in more rapid rates of root proliferation and hence greater P-uptake rates 
than roots with lower SRL (Eissenstat 1991; Comas et al. 2002).  In a glasshouse experiment (Pang et 
al. 2010), SRL was observed to increase with low P supply in the 11 herbaceous legumes being 
studied for their potential as new forage pasture. 
 
The monophyletic genus Podalyria (Boatwright et al. 2008) consists of 17 species occurring in the 
CCR.  Based on a Bayesian analysis of molecular data (Boatwright et al. 2008; Schnitzler et al. 2011), 
and an analysis of morphological and chemical characters (Schutte-Vlok and van Wyk 2011), 
Podalyria species form two clades, with P. calyptrata and P. burchellii DC. in a separate clade to that 
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of P. leipoldtii L. Bolus ex A. L. Schutte and P. myrtillifolia (Retz.) Willd.  Given the pervasiveness 
of oligotrophic soils in the CCR, the superior nodulation and growth of P. calyptrata at low P supply 
(Maistry et al. 2013), and with a high N-demanding lifestyle in legumes (McKey 1994) possibly 
inducing a greater demand for P (Maistry et al. 2014), the other three Podalyria species may also 
possess mechanisms for enhanced acquisition of N and P.  Although not observed for all functional 
traits (Cavender-Bares et al. 2004; Losos 2008), a pattern of phylogenetic signal in which the closely 
related species pair of P. calyptrata and P. burchellii, and the pair of P. leipoldtii and P. myrtillifolia 
should show trait or niche conservatism (Webb 2000; Prinzing et al. 2001; Wiens 2004) is a widely 
accepted null expectation.  The four species are distributed in different regions of the CCR (Schutte-
Vlok and van Wyk 2011), with P. calyptrata found in the south-west Cape Peninsula and allopatric 
with P. burchellii which occurs in the eastern CCR; P. leipoldtii is restricted to north-west Cape 
regions and also allopatric, with its non-overlapping distribution, to P. myrtillifolia which is found 
mainly in the south-east.  Wiens (2004) has argued that phylogenetic niche conservatism can lead to 
such allopatric speciation.  Several authors, however, have proposed that variation in availability of 
nutrients in the soil drives the distribution patterns of species in the CCR (Cowling and Holmes 1992; 
Richards et al. 1997) because some species possess traits for enhanced acquisition of nutrients and 
growth in more oligotrophic soils compared to species lacking these traits (Lamont 1982; Richards et 
al. 1997; Lambers et al. 2008; Shane et al. 2008).  The Cape fynbos also experiences a latitudinal 
gradient of summer drought and wet winters in the west but less seasonal climate in the east (Cowling 
et al. 2009), and variation in temperature and precipitation may cause changes in nutrient availability 
(Austin and Vitousek 1998; Lukac et al. 2010).  For instance, decomposition and mineralisation of 
soil nutrients are stimulated in warmer and wetter soil (Lukac et al. 2010), but with higher 
precipitation, increased leaching can also negate the positive effects of greater weathering on nutrient 
availability (Austin and Vitousek 1998).  With their discrete distribution, and the associated climatic 
(Cowling et al. 2009) and edaphic (Richards et al. 1997) diversity in CCR habitats, the biophysical 
conditions in which each species is able to survive and maintain a stable population size (niche, Wiens 
and Graham 2005) may therefore differ. 
 
In this study it was investigated whether traits for P acquisition and the ecological niche differed 
between closely related Podalyria species.  In the glasshouse the responses of accumulation and 
allocation of biomass and root morphology and physiology traits for acquisition of N and P to 
increasing P supply were studied in the four nodulated Podalyria species.  Soil, leaf, and climate 
parameters for the four Podalyria species in their natural habitats in the CCR were then examined.  It 
was anticipated that all four species would increase expression of traits for acquisition of P with low P 
supply.  It was hypothesised that the two species in each closely related pair of P. calyptrata and P. 
burchellii, and of P. leipoldtii and P. myrtillifolia, would differ in their biomass allocation, SRL and 
organic acid exudation responses to P supply, and that the two closely related species would occupy a 
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different ecological niche in the fynbos.  In the pot experiment, each Podalyria species was supplied 
10, 25, 50 and 100 mg P kg-1, and plant biomass, leaf [N], leaf [P], root morphology and organic acids 
released by fine roots were measured; soil and leaf [N] and [P] and climate data were obtained for 
each species in the field. 
 
4.2 Materials and methods 
 
Growth conditions for sand culture in the glasshouse 
 
Seeds of P. calyptrata, P. burchellii, P. leipoldtii, and P. myrtillifolia were obtained from Silverhill 
Seeds and Books, Cape Town, South Africa, who harvest seeds from wild plants in the fynbos.  The 
seeds were soaked overnight in boiled water then sown in seedling trays containing acid-washed sand.  
Four weeks after emergence, seedlings of similar size of each species were transplanted into plastic 
pots filled with 3 kg of acid-washed sand.  The sand was previously mixed in a cement mixer for 20 
min with 10, 25, 50, or 100 mg P kg sand-1 of insoluble P.  The insoluble P consisted of a 3:1 ratio of 
FePO4:Ca5(PO4)3 similar to the ratio of Fe-P:Ca-P in fynbos soils (Witkowski and Mitchell 1987; 
Power et al. 2010).  During transplanting, 10 g pot-1 of soil, collected from legume habitats in the 
CCR, was placed around the stem base and roots of each seedling as rhizobia inoculum.  Each pot 
contained four seedlings, which were thinned to one seedling per pot after a further four weeks.  Thus 
the experimental design was four Podalyria species that each received four levels of P supply, and 
there were six pots as replicates (n=6) for each treatment.  The plants were watered three times a week 
with 200 mL of nutrient solution (pH 6) that contained: 400 µM Ca(NO3)2, 200 µM K2SO4, 54 µM 
MgSO4, 0.24 µM MnSO4, 0.10 µM ZnSO4, 0.02 µM CuSO4, 2.4 µM H3BO3, 0.03 µM Na2MoO4, and 
10 µM Fe-EDTA.  However, for the first four weeks only, N was provided at a concentration of 200 
µM.  Plants were grown for 20 weeks from March to July 2011 in a glasshouse at UCT (33° 57.353' S 
18° 27.742' E) with an average daytime temperature of 21°C controlled in the range of 20–30°C 
inside the glasshouse.  All pots were randomly arranged on trolleys that were rearranged once a week.   
In addition, two species, namely P. calyptrata and P. myrtillifolia were cultured, similar to the plants 
above, for 18 weeks from April to August 2013 (n=5), to investigate whether increasing supply of Fe 
could stimulate organic acid production by roots (Emmanuel Delhaize, personal communication), 
similar to the mechanism for Al-induced efflux of malate and citrate for tolerance of Al (Ryan et al. 
1995; Yang et al. 2000).  All plants were inoculated with the CCR soil and supplied 25 mg P kg-1 but 
with three Fe supply levels of 47, 95 or 190 mg Fe kg-1 which were analogous to the levels of Fe in 
25, 50 and 100 mg P kg-1 when the P was applied in a 3:1 ratio of FePO4:Ca5(PO4)3.  The additional Fe 
was supplied as FeCl3 mixed into the sand, and the nutrient solution was adjusted to pH 5 to avoid 
precipitation of Fe.   
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Plant biomass and analysis of leaf nutrients for sand culture 
At harvest, roots were gently washed in water to remove sand and each plant was separated into 
leaves, stems, roots and nodules.  Plant material was dabbed dry with paper towels prior to 
determining FM.  Roots were not examined for arbuscular mycorrhizal structures because it was not 
possible to identify arbuscules in the roots of P. calyptrata examined for mycorrhizal infection during 
preliminary investigations.  Six of the youngest fully opened leaves of each plant were selected for 
leaf area measurements on a LI-3100 Area Meter (LI-COR, Lincoln, NE, USA).  Plant material was 
dried at 60°C for 3 d and after DM recorded, leaf material was milled in a Wiley Mill using a 0.5 mm 
mesh (Arthur H. Thomas Co., Philadelphia, CA, USA).  Foliar [N] was determined by digesting the 
milled leaf material in a LECO FP-528 nitrogen analyser (Leco Corporation, St. Joseph, MI, USA).  
Leaf [P] was analysed using ICPAES (Varian Vista MPX ICP-AES; Varian, Mulgrave, Australia) 
after dry-ashing pulverised plant material at 480°C for 8 h and dissolving in 16% HCl (Kalra 1998). 
Collection and analysis of organic acids exuded by roots 
Between 300 to 600 mg FM of excised fine roots were kept on ice in a sterile 20-mL pill vial during 
harvesting.  A volume of 15 mL of sH2O, containing 200 µM CaCl2 for electrolytic conductivity and 
maintaining cellular integrity (Pearse et al. 2006a) was then added to each vial, submerging the roots.  
Organic acids were collected by agitating vials on an orbital shaker (160 rpm; Laboratory Marketing 
Services, Roodepoort, South Africa) for 1 h at 25°C.  The solution was filtered through filter paper 
and the root material was recovered, dried at 60°C for 3 d and DM recorded.  The filtrate was filtered 
through a 20-µm Acrodisc syringe filter (GVS Filter Technology, Indianapolis, IN, USA) and stored 
at −20°C until freeze dried and resuspended in 1 mL of sH2O.  Analysis of citrate, malate, succinate, 
lactate and acetate concentration was performed at the Central Analytical Facility, Stellenbosch 
University, with enzymatic test kits in an Arena 20XT Enzyme Robot (Thermo Electron Oy, Vantaa, 
Finland).  Concentration of malate, lactate and acetate in the sample was determined photometrically 
by measuring the increase in absorbance at 340 nm (Enzytec™ Fluid enzyme kits, Thermo Fisher 
Scientific Oy, Vantaa, Finland).  The decrease in absorbance associated with the oxidation of NADH 
was used to determine the concentration of citrate and succinate (Yellow line enzyme kits, Roche, R-
Biopharm AG, Darmstadt, Germany). 
Analysis of root morphology 
At least 10% of the total root FM, the minimum amount recommended for accurate analysis of total 
root system morphology (Costa et al. 2000), was excised and stored in 30% isopropyl alcohol at 4°C.  
The seedlings of all four species had a modular fibrous root system which facilitated the selection of a 
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representative root sample, excised from the crown of the root to the root tips, in each plant.  For 
staining, roots were decanted from the alcohol solution, rinsed with distilled water and then soaked in 
warmed 1% gentian violet solution for 15 min.  The mixture was poured over a tea strainer and the 
roots were returned to the 30% isopropyl solution and stored at 4°C until ready for scanning.  Roots 
were spread in water with minimal overlap in a perspex tray and scanned in grey level at 400 dpi 
resolution using an Epson Perfection V700 photo scanner (Epson, Long Beach, CA, USA).  The 
image of the root sample was analysed for total root length, average diameter, length of roots in each 
specified diameter class, and root volume using WinRHIZO 2013 software (Regents Instruments, 
Quebec, Canada).  The three diameter (dm) classes in mm, that accounted for 99% of the total root 
length, were 0.0 < dm ≤ 0.5, 0.5 < dm ≤ 1.0, and 1.0 < dm ≤ 1.5, and are presented as % root length 
and denoted, respectively, as 0.25, 0.75 and 1.25 mm in diameter.  After scanning, roots were dried at 
60°C for 3 d and DM recorded. 
 
Field study of four Podalyria species 
 
Based on the location of representative specimens examined and listed in Schutte-Vlok and van Wyk 
(2011) or housed in the Bolus Herbarium at UCT, field collections were conducted in the CCR during 
November 2012.  For each of the four Podalyria species, three sites (Table 2) were visited and at each 
site four plants were sampled for shoots and the associated soil.  Soil was sampled below the canopy 
of the plant from the upper 15 cm of the soil profile using a soil corer or garden trowel after first 
removing leaf litter and debris from the surface of the ground.  Altitude, temperature and precipitation 
for each of the 12 sites were obtained from the WorldClim (www.worldclim.org) climate database 
(Hijmans et al. 2005). 
 
Analysis of leaf material and soil samples from the field 
 
Leaves were removed from stems, dried at 60°C for 3 d and milled in the Wiley Mill using a 0.5 mm 
mesh.  Soil samples were air-dried and sieved through a 1 mm mesh before analysis.  Leaf and soil 
[N] and C concentration ([C]) were determined using mass spectrometry.  For leaf analysis, between 
1.9 and 2.1 mg of milled leaf sample was weighed into 8 mm × 5 mm tin foil capsules (Elemental 
Microanalysis Ltd, Okehampton, UK) on a microbalance (Sartorius AG, Göttingen, Germany).  For 
analysis of soil, between 20 and 40 mg soil per sample was used.  The capsules were folded to enclose 
the samples, which were combusted in a Flash EA 1112 series elemental analyser (Thermo Electron, 
Milan, Italy).  The resulting gases were fed into a Delta Plus XP IRMS (Thermo Finnigan, Bremen, 
Germany), via a Conflo III gas control unit (Thermo Finnigan).  The in-house standards used were 
Merck Gel, a proteinaceous gel produced by Merck (Darmstadt, Germany), and dried leaves of T. 
majus collected from Woodbine Lane on UCT campus.  The in-house standards have been calibrated 
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against IAEA (International Atomic Energy Agency) standards.  Leaf [P] was analysed using ICPAES 
as described above.  For the soil, available P was determined by extracting 2 g of soil in Bray II 
solution (Bray and Kurtz 1945), whereas total P in the soil was determined by acid digestion using a 
1:1 mixture of 1 N nitric acid and hydrochloric acid at 80°C for 30 min (Sommers and Nelson 1972); 
the extracted solutions were then analysed using ICPAES.  Soil pH was determined by shaking 2 g of 
soil in 20 mL 1 M KCl at 180 rpm for 60 min, passing the solution through filter paper and measuring 
the pH of the filtrate. 
Statistical analysis 
To reduce heteroscedasticity, all variables were loge transformed prior to statistical analysis except for 
percentage data which was arcsine square root transformed.  A factorial ANOVA (STATISTICA 
version 11, StatSoft, Tulsa, OK, USA) was performed to test the species × P-level interaction, except 
for leaf [P] in P. leipoldtii, assessed by one-way ANOVA.  The species × Fe-level interaction was 
assessed with a factorial ANOVA.  Climate variables were analysed by one-way (Table 3) or factorial 
ANOVA (Table 4).  For leaf or soil data in the field study, a nested ANOVA was conducted with site 
as a random effect nested in species.  Means that were significantly different at P<0.05 were separated 
by Duncan’s multiple range test.
4.3 Results 
Sand culture 
Accumulation of biomass and allocation to nodules and leaves, and leaf morphology
At low P supply of 10 mg P kg-1, the biomass of P. calyptrata was similar to that of P. leipoldtii, but 
greater than the biomass of P. myrtillifolia, while P. burchellii was the smallest of the four species 
(Fig. 1A, F9,80=5.63, P<0.001).  When P supply was increased to 25 mg P kg-1, P. burchellii, P.
myrtillifolia, and P. calyptrata increased accumulation of biomass by seven, 3.4, and 2.5-fold, 
respectively, but only P. leipoldtii did not respond significantly (P<0.001) to 25 mg P kg-1 supply.  
With P supply increasing to 50 mg P kg-1 none of the Podalyria species accumulated more biomass, 
whereas addition of 100 mg P kg-1 decreased plant biomass in P. burchellii, P. leipoldtii and P.
myrtillifolia, but not in P. calyptrata.  The ratio of nodule:root at 10 mg P kg-1 was greatest in P.
leipoldtii and P. calyptrata and was threefold more than P. myrtillifolia and 10-fold greater than P.
burchellii (Fig. 1B, F9,80=12.50, P<0.001).  When P supply increased to 25 mg P kg-1 or greater, the 
mass of nodule DM increased to approximately 17% of root DM in all four species.  Leaf weight ratio 







burchellii and P. myrtillifolia (Fig. 1C, F9,80=5.63, P<0.05).  With increased supply of P, however, the 
LWR increased, and was similar among the species.  Specific leaf area (SLA), the ratio of leaf area to 
its mass, was greatest in P. calyptrata but similar amongst P. burchellii, P. leipoldtii and P.
myrtillifolia at all levels of P supply (Fig. 1D, F3,80=11.54, P<0.001), and increased (F3,80=52.99, 
P<0.001) with increasing P supply in all species.
Fig. 1.  Effect of Podalyria species, P. calyptrata, P. burchellii, P. leipoldtii and P. myrtillifolia and phosphorus 
(P) supply on (A) total plant dry matter (DM), (B) nodule:root ratio, (C) leaf weight ratio (LWR), (D) specific
leaf area (SLA), (E) leaf nitrogen concentration ([N]) and (F) leaf P concentration ([P]). Means ± s.e. (n=6). For
leaf [P], effect of species and P levels was assessed by factorial ANOVA for the three species except P. leipoldtii
where the effect of P levels was assessed by one-way ANOVA (NS=not significant). Different lowercase letters
indicate significantly different means between species and P levels at P<0.05 from a factorial ANOVA. Different
primed lowercase letters indicate significantly different means where no species × P interaction occurred;
different uppercase letters indicate significantly different means between species.
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Leaf [N] and [P]
At low P supply of 10 mg P kg-1, leaf [N] was greatest in P. calyptrata and P. myrtillifolia with 24 mg 
N g-1, lower in P. leipoldtii, and least in P. burchellii (Fig. 1E, F9,80=5.63, P<0.001).  With greater P 
supply of 25 mg P kg-1, leaf [N] increased in all four species, and almost twofold in P. burchellii from 
13 to 25 mg N g-1 and was greater than that of P. leipoldtii, which had the lowest foliar [N] of 19 mg 
N g-1.  With increasing supply of 100 mg P kg-1, leaf [N] decreased only in P. calyptrata.  At 10 mg P 
kg-1, leaf [P] was similar between P. calyptrata and P. burchellii, possibly due to a dilution effect in 
the former species, and lower than P. myrtillifolia (Fig. 1F, F6,60=3.04, P<0.05).  Leaf [P] increased in 
all four species when supplied with 25 mg P kg-1, although the twofold increase in leaf [P] for P.
leipoldtii was not statistically significant.  With greater supply of 100 mg P kg-1, leaf [P] increased 
only in P. burchellii and P. myrtillifolia. 
Allocation of biomass to roots and morphology of roots 
At low P supply, root:shoot ratio in P. burchellii was the same as that of P. calyptrata, but greater 
than the root:shoot ratio of P. myrtillifolia and P. leipoldtii which had the lowest ratio (Fig. 2A, 
F9,80=4.50, P<0.001).  With P supply increasing from 10 to 25 mg P kg-1 the root:shoot ratio decreased 
by threefold in P. burchellii, by twofold in P. myrtillifolia and P. calyptrata, and by 1.5-fold in P.
leipoldtii.  The ratio of total root length:total leaf area (root length:leaf area) at 10 mg P kg-1 was 
greatest in P. burchellii, followed by P. myrtillifolia, and lowest in P. leipoldtii and P. calyptrata (Fig. 
2B, F9,80=3.72, P<0.001).  The root length:leaf area ratio decreased with the addition of 25 mg P kg-1 
in all species except P. leipoldtii.  At all levels of P supply, P. burchellii had a greater root length:leaf 
area ratio than P. calyptrata.  In all four species, SRL was lowest at 10 mg P kg-1 and increased with 
greater P supply (Fig. 2C, F3,80=27.32, P<0.001).  The SRL of P. calyptrata roots was less than the 
SRL of the other three species at all levels of P supply, and the SRL of P. leipoldtii was also lower 
than that of P. burchellii (F3,80=26.05, P<0.001).  Root tissue density was similar amongst all four 
Podalyria species at each level of P and was highest at 10 mg P kg-1 and decreased with increasing P 
supply (Fig. 2D, F3,80=34.05, P<0.001).  For the root diameter analysis, the Species × P-level 
interaction was analysed for each of the three root diameters due to a significant Species × P-level × 
Root diameter interaction (F36,400=2.10, P<0.001).  Podalyria burchellii and P. myrtillifolia had the 
greatest proportion of roots that were 0.25 mm in diameter, followed by P. leipoldtii, and then P.
calyptrata, which had the lowest proportion of the thinnest roots (Fig. 2E, F3,80=35.19, P<0.001).  
When P supply increased from 10 to 50 mg P kg-1 the proportion of thin roots increased in P.
burchellii, P. leipoldtii and P. myrtillifolia by ca. 8–14% (F3,80=5.19, P<0.001).  In all four species, 
about 25% of their root length was 0.75 mm in diameter at low P supply (Fig. 2F).  With increasing P 










Fig. 2. Effect of Podalyria species, P. calyptrata, P. burchellii, P. leipoldtii and P. myrtillifolia and phosphorus 
(P) supply on (A) root:shoot ratio, (B) root length:leaf area ratio, (C) specific root length (SRL), (D) root tissue 
density, and percent of root length that is (E) 0.25 mm, (F) 0.75 mm and (G) 1.25 mm in diameter. Means ± s.e. 
(n=6). Different lowercase letters indicate significantly different means between species and P levels at P<0.05 
from a factorial ANOVA. Different lowercase letters with the superscripts (') or (*) or ('*) indicate significantly 
different means where no species × P interaction occurred; different uppercase letters indicate significantly 
different means between species. 
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burchellii and P. myrtillifolia (F9,80=2.45, P<0.05).  All four species decreased the proportion of 1.25 
mm thick roots with increasing P supply (Fig. 2G, F3,80=4.02, P<0.05).  However, P. calyptrata had 
the greatest proportion of thick roots, followed by P. leipoldtii, whilst P. burchellii and P. myrtillifolia 
had the smallest fraction of thick roots (F3,80=30.42, P<0.001). 
Organic acids exuded by fine roots 
At low supply of 10 mg P kg-1, P. calyptrata roots released the greatest amounts of citrate when 
compared with the other species; exudation by P. leipoldtii and P. myrtillifolia roots led to similar 
concentrations of citrate (Fig. 3A, F9,32=19.97, P<0.001).  From the four species, P. calyptrata roots 
also released the greatest quantities of malate at low P supply, with P. burchellii and P. myrtillifolia 
roots exuding greater amounts of malate than P. leipoldtii (Fig. 3B, F9,32=15.05, P<0.001).  Except for
P. calyptrata, all species increased exudation of citrate and malate by roots with increasing P supply,
and only P. leipoldtii decreased malate exudation at 100 mg P kg-1 supply.  Similar amounts of
succinate were released by P. calyptrata, P. leipoldtii and P. myrtillifolia roots at low P supply, and
the release of succinate decreased only in P. leipoldtii roots with increasing P supply (Fig. 3C,
Fig. 3.  Effect of Podalyria species, P. calyptrata, P. burchellii, P. leipoldtii and P. myrtillifolia and phosphorus 
(P) supply on the concentration of (A) citrate, (B) malate, (C) succinate and (D) lactate released by fine roots.
Means ± s.e. (n=3). Different lowercase letters indicate significantly different means between species and P
levels at P<0.05 from a factorial ANOVA.
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F9,32=5.75, P<0.001).  Podalyria calyptrata, P. burchellii and P. myrtillifolia roots exuded similar 
amounts of lactate at 10 mg P kg-1 supply, whereas P. leipoldtii roots increased production of lactate 
with increasing supply of P (Fig. 3D, F9,32=8.51, P<0.001).  Acetate was not detected in the analysis. 
 
Accumulation of biomass and exudation of organic acids by fine roots in response to increasing Fe 
supply 
 
Both P. calyptrata and P. myrtillifolia accumulated greatest biomass when receiving 47 mg Fe kg-1 
and the accumulation of biomass decreased dramatically with increased supply of up to 190 mg Fe kg-
1, possibly due to Fe toxicity (Table 1, F2,24=10.25, P<0.001).  The root:shoot ratio increased with 
increasing Fe supply in both species (F2,24=12.11, P<0.001).  In addition, the proportion of nodule 
DM which was ca. 14–16% of root DM at 47 mg Fe kg-1, decreased with increasing Fe supply 
(F2,24=12.06, P<0.001).  Similar to plant biomass and nodulation DM, release of citrate (F2,12=77.36, 
P<0.001), succinate (F2,12=14.84, P<0.001) and malate (data not shown, F2,12=7.62, P<0.01) by P. 






All species occurred in acidic soil with a pH range of 3.7–4.4 (Fig. 4A, F3,8=4.89, P<0.05).  The 
nested ANOVA showed that there was no significant difference (P<0.05) in total soil [P] with a mean 
of ca. 73 mg P kg-1, Bray II extractable soil [P] of 6–12 mg P kg-1, total soil [N] of 1–1.5 g N kg-1, soil 




Leaf [N] with a mean of ca. 21 mg N g-1 was similar amongst all four Podalyria species (data not 
shown).  In contrast, leaf [P] in P. calyptrata and P. myrtillifolia of about 0.9 mg P g-1 was greater 
than leaf [P] in P. burchellii, with leaf [P] of 0.4 mg P g-1 in P. leipoldtii the lowest of the four species 
(Fig. 4B, F3,8=5.87, P<0.05).  Podalyria calyptrata also recorded the highest leaf [C] whilst P. 
myrtillifolia had the lowest, with leaf [C] in P. burchellii and P. leipoldtii intermediate to these 
species (Fig. 4C, F3,8=5.0, P<0.05).  Plants of P. leipoldtii had both the highest leaf N:P ratio (Fig. 
4D, F3,8=5.07, P<0.05) and leaf C:P ratio (Fig. 4E, F3,8=5.63, P<0.05) followed by P. burchellii.  The 
leaf N:P and C:P ratios in P. calyptrata were lower than that of P. burchellii; P. myrtillifolia had both 
the lowest leaf N:P ratio and leaf C:P ratio. 
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Table 1. Effect of Podalyria species and Fe supply on total plant dry matter (DM), root:shoot and nodule:root ratio, and concentration of citrate and succinate released by fine 
roots in nodulated P. calyptrata and P. myrtillifolia, grown in sand culture with 25 mg P kg-1.  Means ± s.e. (n=5) for biomass parameters and (n=3) for organic acids. 
Different lowercase letters in each column indicate significantly different means between species and Fe levels at P<0.05 from a factorial ANOVA; different lowercase letters 
with a prime symbol (') indicate significantly different means where no species × Fe interaction occurred.   
   Species Fe-level 
(mg kg-1) 
Total plant DM 
(mg plant-1) 
Root:shoot Nodule:root [Citrate]  
(mmol g-1 DM) 
[Succinate] 
(mmol g-1 DM) 
P. calyptrata 47 6.29±0.60a 0.44±0.02c 0.143±0.007a 0.70±0.09a' 0.65±0.08a 
95 2.88±0.28b 0.66±0.03b 0.052±0.007bc 0.14±0.02c' 0.15±0.03c 
190 0.43±0.03c 0.98±0.04a 0.043±0.005c 0.41±0.06b' 0.53±0.01ab 
P. myrtillifolia 47 8.41±0.46a 0.21±0.01d 0.164±0.004a 0.78±0.20a 0.38±0.01b 
95 2.58±0.60b 0.36±0.05c 0.073±0.016b 0.09±0.01c 0.12±0.02cd 











Podalyria myrtillifolia sites in the CCR (Table 2) were at a similar altitude above sea level as P. 
calyptrata sites but lower than P. burchellii and P. leipoldtii sites in the mountains of the CCR (Table 
3, F3,8=4.76, P<0.05).  Podalyria calyptrata received the greatest amount of annual precipitation, P. 
burchellii and P. myrtillifolia received intermediate amounts, whereas P. leipoldtii received the lowest 
precipitation in a year (F3,8=13.64, P<0.01).  There was no difference amongst species in the 
maximum temperature of their hottest month.  Podalyria leipoldtii, however, experienced a twofold 
lower minimum temperature than P. calyptrata and P. myrtillifolia in their coldest month (F3,8=4.86, 
Fig. 4.  (A) Soil pH, leaf (B) phosphorus concentration ([P]), (C) carbon concentration ([C]), (D) N:P ratio and (E) 
C:P ratio for Podalyria species, P. calyptrata, P. burchellii, P. leipoldtii and P. myrtillifolia in the Core Cape 
Subregion. Means ± s.e. (n=3). Different uppercase letters indicate significantly different means between species 
at P<0.05 assessed from a nested ANOVA with site as a random effect nested in species. 
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P<0.05), and the largest temperature range between its hottest and coldest temperatures (F3,8=4.54, 
P<0.05).  When the temperature range was averaged over the year as the mean diurnal range, P. 
leipoldtii also recorded a greater variation than P. calyptrata and P. myrtillifolia (F3,8=6.04, P<0.05).  
In terms of the combined effects of moisture and temperature, the driest and warmest three months 
experienced by P. burchellii were ca. 3–4ºC cooler than the temperature experienced by the other 
species during their driest and warmest quarter (Table 4, F3,16=3.67, P<0.05).  During their driest and 
warmest parts of the year, P. leipoldtii sites received threefold less moisture than P. burchellii, P. 
myrtillifolia and P. calyptrata sites (F3,16=19.92, P<0.001); and also had the coldest temperature 
during their wettest and coolest quarters (F3,16=6.73, P<0.01).  During these winter periods, P. 
calyptrata received the most moisture, and P. myrtillifolia received 50% more precipitation than P. 
burchellii, and P. leipoldtii (F3,16=24.06, P<0.001). 
 
Table 2. The four Podalyria species investigated in this study, with their respective sites and coordinates in the 
Core Cape Subregion. 
 
Species Site Site coordinates 
P. calyptrata Silvermine Reserve -34.08 S; 18.40 E 
 Tafelberg Road -33.95 S; 18.42 E 
 Newlands Forest -33.97 S; 18.44 E 
P. burchellii Bergplaas -33.91 S; 22.67 E 
 Outeniqua Pass -33.89 S; 22.40 E 
 Robinson Pass -33.88 S; 22.02 E 
P. leipoldtii Algeria Reserve 1 -32.37 S; 19.05 E 
 Kleinklip Huis -32.14 S; 18.96 E 
 Algeria Reserve 2  -32.37 S; 19.06 E 
P. myrtillifolia Swartvlei -34.00 S; 22.73 E 
 Salmondsdam -34.45 S; 19.58 E 




Table 3.  Metres above sea level (MASL), mean annual precipitation (MAP), maximum (Max) and minimum 
(Min) temperature (T) of the hottest and coldest month, the range between this Max and Min, and the mean 
diurnal range (the difference between the mean of the monthly Max T and Min T) for each Podalyria species in 
the Core Cape Subregion. Means ± s.e. (n=3). Different lowercase in each column indicate significantly 
different means between species at P<0.05 from a one-way ANOVA.  
Species MASL (m) MAP (mm) Max T of 
hottest 
month (ºC) 








P. calyptrata 312±71bc 1026±34a 24.9±0.6 7.6±0.1a 17.4±0.7b 9.5±0.4b 
P. burchellii 585±102ab 638±84b 24.9±0.5 5.2±0.9ab 19.7±1.2b 11.6±0.7ab 
P. leipoldtii 802±170a 383±39c 29.3±1.2 3.2±0.6b 26.1±0.6a 14.8±0.4a 
P. myrtillifolia 234±90c 722±91b 26.4±1.8 6.4±1.3a 20.0±3.1b 10.9±1.5b 
Table 4.  Mean temperature (T) or precipitation during the driest and warmest three months of the year (quarter), 
and during the wettest and coolest quarters for each Podalyria species in the Core Cape Subregion. A separate 
factorial ANOVA assessed the following species and climate interactions: Species × Mean T of the driest or 
warmest quarter, Species × Precipitation in the driest or warmest quarter, Species × Mean T of the wettest or 
coolest quarter, and Species × Precipitation in the wettest or coolest quarter.  Means ± s.e. (n=3). Different 
lowercase letters in each column indicate significantly different means between the main effect of species at 
P<0.05 as no interaction occurred.  
Species Mean T (ºC) of 
driest and warmest 
quarters 
Precipitation (mm) in 
driest and warmest 
quarters 
Mean T (ºC) of 
wettest and coolest 
quarters 
Precipitation (mm) 
in wettest and 
coolest quarters 
P. calyptrata 19.4±0.2a 100±3a 12.7±0.2a 458±9a 
P. burchellii 16.7±1.3b 153±14a 13.7±1.0a 159±14c 
P. leipoldtii 20.5±0.7a 34±4b 10.4±0.6b 182±10c 
P. myrtillifolia 19.4±1.0a 108±25a 12.5±0.7a 268±42b 
4.4 Discussion 
In this study the hypothesis of trait and niche difference between closely related Podalyria species 
was supported because the responses to P supply in the accumulation and allocation of biomass, SRL 
and organic acids released by fine roots, and leaf [P] and the climate of habitats, differed between the 
closely related Podalyria species.  Notably also, and contrary to expectation, SRL and exudation of 
organic acids by roots increased with greater P supply in the N2-fixing Podalyria species.  This 
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observation of increased expression of traits for P acquisition with increasing P supply is, however, 
consistent with plant growth strategies for fast growth at high P supply but stress tolerance and 
survival at low P supply (Grime 1977; Chapin 1980). 
In controlled glasshouse conditions all four nodulated Podalyria species exhibited traits that would 
enable growth in the Cape soils with low P availability of 6–12 mg P kg-1.  By increasing allocation to 
root biomass over shoot biomass with low P supply, each Podalyria species showed an ability for 
enhanced acquisition of P (Nielsen et al. 2001; Lambers et al. 2006; Power et al. 2010; Poorter et al. 
2012).  The species, however, were differentiated by their combined root:shoot ratio and LWR 
allocation responses, and there was clearly an absence of phylogenetic signal between the closely 
related species; P. burchellii and P. myrtillifolia showed greater limitation by P at low P supply, as 
suggested by Bloom et al. (1985), through allocating relatively more to root biomass for P acquisition 
and less to leaf biomass for C acquisition, compared with P. calyptrata and P. leipoldtii.  Moreover, 
greater responsiveness to increased P supply in root:shoot ratio, LWR, accumulation of biomass and 
nodulation, also reflect greater limitation by low P supply in P. burchellii and P. myrtillifolia.  With 
the lowest root:shoot ratio at low P supply, and with biomass accumulation, and a root:shoot ratio and 
LWR that were least responsive to P supply, growth of P. leipoldtii may be adapted to low availability 
of P (Fig. 4B).  This species also attained its maximum biomass with a lower leaf [N] than the other 
species, showing low N demand atypical of legumes (McKey 1994) but characteristic of species from 
infertile landscapes (Lambers et al. 2010).  In contrast, P. calyptrata showed the ability to accumulate 
N at low P supply, with large plant size (Fig. 1A) and high leaf [N].  Thus, consistent with an earlier 
report of superior nodulation in the species (Maistry et al. 2013), greater N acquisition in P. calyptrata 
indicates tolerance of nodule growth and possibly N2-fixation to low availability of P. 
Variation in SRL is a function of two components, namely RTD and root diameter (Eissenstat 1991; 
Comas et al. 2002).  Although increasing RTD in all species contributed to the decreasing SRL 
observed in all four species as P supply decreased, the differences in the proportion of thin and thick 
roots amongst species (Fig. 2E–G) may have led to the species differences in SRL.  Roots with high 
tissue density have a longer lifespan and lower turnover rate than those with lower RTD (Ryser 1996; 
Eissenstat et al. 2000).  Hence the plants that grew more slowly at low P supply constructed roots with 
low SRL (Fig. 2C, Roumet et al. 2006), analogous to the observed low SLA of long lived 
sclerophyllous leaves (Lambers et al. 2010).  This would be to reduce the rate of nutrient loss 
associated with short lifespan and a high turnover rate of tissue.  This trade-off in growth strategies 
(Grime 1977; Chapin 1980) was equally evident in the root morphology adjustments in all four 
Podalyria species, with high RTD and low SRL for efficient use of resources possibly through root 
persistence at low P supply, but low RTD and high SRL for maximising root exploration and P-uptake 
(Eissenstat 1991; Comas et al. 2002) at high P supply.  Root diameter morphology, however, 
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contrasted between close relatives with P. calyptrata and P. leipoldtii having a lower proportion of the 
thinnest roots but a larger fraction of the thickest roots compared with P. burchellii and P.
myrtillifolia.  For P. burchellii and P. myrtillifolia, the cost of a faster turnover rate in thin roots 
would be feasible in their conducive easterly habitats with less climate seasonality, allowing for more 
rapid rates of proliferation into new soil not yet depleted of its phosphate by roots and thereby 
increasing rates of P-uptake.  Furthermore, P. burchellii, with a similar SRL and SLA but greater 
root:shoot ratio and root length:leaf area ratio than P. myrtillifolia at low P supply, allocates and 
invests more biomass to root growth for enhanced P acquisition relative to P. myrtillifolia.  In the 
broad-leaved (high SLA) and bigger P. calyptrata plants, large diameter roots would function for 
greater structural support; for P. leipoldtii which experiences the greatest temperature extremes and 
the driest summers compared to the other species, thicker roots would confer persistence and 
fortification against cold and desiccation (Eissenstat et al. 2000). 
Although P. calyptrata had the lowest SRL, its roots produced the highest concentration of organic 
acids amongst the four species at low P supply.  Increased exudation of organic acids by roots at low 
P supply is a mechanism for enhanced acquisition of P (Hinsinger 2001; Lambers et al. 2006), with 
the tricarboxylated citrate reported to be the most effective at solubilising P, followed by 
dicarboxylated malate and succinate (Ryan et al. 2001).  Thicker roots of P. calyptrata that can only 
proliferate at a slower rate towards the relatively immobile phosphate ion, may instead rely on 
chemical modification of the rhizosphere for solubilising P and increasing the concentration available 
at the root surface.  With a SRL that gives the lowest turnover of roots, and a higher SLA and leaf [N] 
permitting greater C acquisition in habitats that are not limited by moisture, P. calyptrata can allocate 
more resources to the production of C-rich citrate, malate and succinate.  Consistent with higher 
respiration rates of roots with greater SRL (Comas et al. 2002), the Podalyria species increased 
exudation of organic acids, especially of citrate and malate, with increasing P supply.  The plant roots 
did not release a greater concentration of organic acids to avert Fe toxicity because exudation of 
organic acids decreased with increasing Fe supply (Table 1) unlike the greater exudation of organic 
acids in response to increased Al supply (Ryan et al. 1995; Yang et al. 2000).  However, as in L.
angustifolius and Phaseolus vulgaris L., increasing organic acid anion release by roots with increasing 
P supply may function as a counter ion for charge balance associated with greater proton release from 
enhanced N2-fixation (Fig. 1B, Tang et al. 2004; Wang et al. 2008).  In addition, to prevent pH 
increases in the rhizosphere, the N2-fixing Podalyria legumes found in acid soils may favour releasing 
organic anions instead of hydroxide ions to balance charge.  Furthermore, in L. angustifolius that did 
not form cluster roots at low P supply, high nitrate supply stimulated cluster root formation and citrate 
exudation at adequate P supply (Hocking and Jeffery 2004).  It is known that increased amounts of P 
in the solution or in the plant tissue may increase the demand and capacity for uptake of N and vice 
versa (Cole et al. 1963; Hills et al. 1970; Chapin 1980; Fageria 2001).  Hence, when P supply 
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increased to 25 mg P kg-1 or greater, all four Podalyria species increased nodulation so that 
approximately 17% of root DM was invested into nodule DM.  Both the leaf [N] (Fig. 1E) and leaf [P] 
(Fig. 1F) increased and there was a positive interaction between P supply and N accumulation because 
both biomass and leaf [N] increased simultaneously.  Increasing LWR in all species showed increased 
investment in leaf DM for acquisition of C with increasing P supply, indicating greater demand for C.  
Therefore, with greater P supply, increased nodulation and release of organic acids from roots and a 
higher SRL were plant growth responses for enhanced acquisition of resources. 
In the field, the allopatric distribution ranges of the four species were indeed apparent, so that with the 
existing climatic diversity (Tables 3, 4; Cowling et al. 2009), each species would occupy a different 
niche in their CCR habitats.  Podalyria calyptrata was found in the south-west along the lower slopes 
of Table Mountain National Park, P. burchellii in the east on the slopes of the Outeniqua Mountains, 
P. leipoldtii occurred in the north-west in the Cederberg Mountain ranges, and P. myrtillifolia was
more widespread in the lowlands of the south-east CCR (Tables 2, 3; Schutte-Vlok and van Wyk
2011).  Although all species occurred in acidic soils low in Bray II P of 6–12 mg P kg-1, P. leipoldtii
experiences severe drought, receiving threefold less moisture than P. myrtillifolia during their driest
and warmest summer periods, and also had the coldest winter periods.  In contrast to warmer and
wetter soils that could stimulate decomposition, mineralisation and weathering of soil nutrients
(Austin and Vitousek 1998; Lukac et al. 2010), these dry and cold conditions would reduce
availability of nutrients from the soil.  Therefore, with the lowest leaf [P] of 0.4 mg P g-1, whereas
other legume species in the CCR and global vegetation have foliar [P] of 0.8–1.0 mg P g-1 (Lambers et
al. 2010; Power et al. 2011), and with a leaf N:P ratio of 41, whereas foliar N:P ratios of wild plants
from other infertile soils are between 22–27 (Lambers et al. 2010; Stock and Verboom 2012), P.
leipoldtii has evolved to grow with a low demand for P, as was clearly evidenced in the results from
the glasshouse.  On the other hand, for P. myrtillifolia, greater leaf [P] of 0.9 mg P g-1 and the lowest
leaf N:P ratio of 25 reflects relatively more fertile growth conditions, so that the lowest leaf [C] in P.
myrtillifolia may be due to construction of less sclerophyllous leaves for when nutrient and drought
stress is not severe (Lambers et al. 2010).   Podalyria burchellii, meanwhile, receives a more reliable
year-round rainfall of ca. 150 mm, and with ca. 4°C cooler driest and warmest periods than that of the
other species, P. burchellii benefits from lower levels of drought and nutrient stress (Turner and
Gilliam 1976) during summer as indicated by a greater leaf [P] than in P. leipoldtii.  Furthermore, the
greatest amount of annual precipitation received by P. calyptrata may also enable its higher leaf [P]
(Turner and Gilliam 1976) and relatively lower leaf N:P and C:P ratios than P. burchellii.  Therefore,
P. leipoldtii with extreme climatic conditions and the lowest leaf [P] in its fynbos habitat, occupied
the most oligotrophic niche; P. burchellii had a more nutrient limited niche than P. calyptrata, and P.
myrtillifolia was found in the relatively more fertile niche.  The similar soil fertility levels but
different climate, physiology and morphology between closely related species is consistent with a
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model of speciation in allopatry (Wiens 2004; Bentley et al. 2014) following lineage splitting during 
the middle to late Miocene and early Pliocene (Boatwright et al. 2008; Schnitzler et al. 2011) that 
coincides with geological uplift or climatic changes (Cowling et al. 2009).  It is possible that habitat 
contraction associated with changing climate may have isolated the species, or that adaptation to 
climate and the associated nutrient availability was more recent and occurred after the vicariant 
geomorphic event. 
4.5 Conclusion
The mechanisms for P acquisition, growth, and the ecological niche differed in closely related 
Podalyria species.  The absence of phylogenetic signal (trait or niche conservatism) suggests that 
ecological factors override phylogenetic relatedness in determining the presence of P acquisition traits 
in these species; and of these factors, climate rather that soil nutrient levels per se, may drive 
distribution and speciation in the fynbos.  Podalyria calyptrata nodulated well at low P supply with 
greater exudation of organic acids by its thick roots.  Podalyria burchellii had a greater proportion of 
fine roots, similar to P. myrtillifolia, but with greater allocation of biomass to roots.  In comparison, 
biomass accumulation in P. leipoldtii did not have a high demand for N and P so that the species 
invested less in P acquisition traits.  Overall, the Podalyria species exhibited plasticity in response to 
changing resource availability, with strategies that augur well for their persistence given changing 
climate and increasing nutrient deposition in the nutrient limited fynbos. 
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5 GENERAL DISCUSSION AND CONCLUSION 
Comprising about 805 species, legumes (Fabaceae) form the second largest plant family to Asteraceae 
in the CCR (Goldblatt and Manning 2012).  Given their role as a biogenic source of N and hence as 
potential regulators of biogeochemical processes in ecosystems, legumes are an important functional 
group in the oligotrophic fynbos.  By increasing N availability and soil fertility in natural ecosystems, 
N2-fixation can lead to increased primary productivity.  It is thus disconcerting that very little is 
known about the nutritional physiology and ecology of Cape legumes (Lambers et al. 2006; Lynch 
and Brown 2006).  Although cluster roots, for instance, have been observed in A. linearis (Lambers et 
al. 2006; Hawkins et al. 2011; Maistry et al. 2013), their functioning has not been explored.  
Therefore, understanding the physiology of the unique and largely understudied legume biodiversity 
in the nutrient poor CCR was compelling motivation for the study, and reporting on the physiological 
mechanisms enabling tolerance of low availability of P in A. linearis and P. calyptrata, as model 
legume species of the CCR (Maistry et al . 2013), was the primary objective of this thesis.  For this 
purpose it was anticipated that low P supply would limit plant growth and increase expression of traits 
for P acquisition (Chapters 2–4). 
Studies designed to report on the physiological mechanisms enabling tolerance of low P availability, 
typically observe plant responses to decreasing P supply.  N and P colimitation of N2-fixing and 
combined-N supplied legumes and non-legumes (Power et al. 2010; Maistry et al. 2013), however, 
indicate that consideration of single resource P limitation is misleading, requiring instead to consider 
the potential interactive effect of N and P on legume growth responses to nutrient supply (Bloom et al. 
1985; Craine 2009; Cramer 2010).  Because the responses to increased P supply were dependant on 
the level of  N supplied (Maistry et al. 2013), ecologically relevant levels of increasing N supply 
(Glass et al. 2002; Britto and Kronzucker 2005) were used to investigate in a more mechanistic way N 
and P limitation of plant growth.  Furthermore, single resource P limitation experiments that merely 
demonstrate the physiological differences between species (Tadano and Sakai 1991; Pearse et al. 
2006a; Pang et al. 2010), lack the potential to provide deeper insights into how these differences 
influence or shape ecosystems.  Cramer et al. (2014) note that the question of how ecophysiological 
specialisations vary across environmental gradients and contribute to species richness in the Cape 
flora, has received little attention.  Hence, closely related species were compared in the glasshouse 
and in the field to make inferences about P acquisition traits and the distribution of species in the 
fynbos. 
The scarcity of nutrients in the soil has long been considered as the causal antecedent of distribution 
patterns and speciation in the CCR and the heathland vegetation of Australia (Beadle 1954, 1962; 
Ozanne and Specht 1981; Lamont 1982; Cowling and Holmes 1992; Richards et al. 1997; Lambers et 
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al. 2008; Shane et al. 2008).  Cramer et al. (2014), however, identify two main sources of niche 
diversity in the CCR, namely the west-east climate gradient and nutrient poor soil, and conclude that 
ecophysiological specialisation (of species) to the mosaic of niches created by the interaction of these 
two factors, is a key reason for plant species richness in the Cape (Linder 2005).  The observation 
from our study on Podalyria (Chapter 4) shows that speciation may indeed be the result of the 
interaction between climate and nutrient availability.  The conclusion that climate may drive the 
allopatric distribution of the closely related Podalyria species is consistent with a framework 
proposed by Pearson and Dawson (2003) showing the spatial scales across which different factors can 
act to affect the distribution of species.  Thus climate is the main driver of species distribution over 
the regional scale (200–2000 km), whereas soil type (and associated nutrient availability) would drive 
speciation at a local (1–10 km) or site scale (10–1000 m).  A study that compares closely related 
sympatric species would therefore be pertinent in the case of soil type, and should show that the 
closely related species occur on different soils.  Although P. calyptrata (exudation of organic acids by 
roots), P. burchellii (an extensive length of fine roots) and P. myrtillifolia (fine roots) exhibited traits 
that would enhance P acquisition, and showed plasticity in responses to increasing P supply, the 
accumulation and allocation of biomass in P. leipoldtii  was relatively unresponsive to P supply.  The 
low degree of plasticity in P. leipoldtii can be correlated with a high degree of ecophysiological 
specialisation to a specific niche. Indeed P. leipoldtii was observed to have a very restricted 
distribution (Table 2, Chapter 4; Schutte-Vlok and van Wyk 2011).  This species should be 
investigated, as a model leguminous plant, for the molecular mechanisms and genes involved in N2-
fixation and drought tolerance, to help in understanding the functioning of other legumes from arid 
environments, with potential applications in agriculture, agroforestry and land rehabilitation. 
In addition to climatic and edaphic variation, the prevalence of fire in the fynbos (Cocks and Stock 
2001) adds another layer of complexity into our attempts to understand legume nutrition and 
ecosystem processes.  In soils that are generally oligotrophic, fire can result in pulses of N and P to 
the system (Brown and Mitchell 1986; Stock and Lewis 1986).  Hence, examining the responses of P 
acquisition mechanisms and biomass to increased supply of combined-N at low P and high P supply 
in A. linearis and P. calyptrata, is analogous to the temporal fluctuations in the relative availability of 
N and P experienced by legume species in the nutrient poor fynbos soils.  Comparing nutrient 
concentration values across studies must be done with caution due to differences in growth stages of 
the plants and the dilution effect associated with biomass accumulation.  However, the fact that tissue 
[P] for P. calyptrata of 0.5 mg P g-1at 10 µM P supply, and 2 mg P g-1 at 100 µM P supply are on
either side of the value of 1 mg P g-1 found in the field plants, does indicate that the conditions in the
sand experiment closely approximated the conditions of low and high P supply that one would expect
in the field.  It was clear (in Chapter 2 and 3, and also in Chapter 4) that increasing the supply of N or
P induced a greater demand for the opposite ion, because the mechanism for the acquisition of that ion
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was stimulated.  It was shown empirically that the ratio of supply of N and P is critical to determining 
the level of expression of P acquisition mechanisms, nodulation and growth (Chapter 2 and 3), and 
that A. linearis and P. calyptrata have the ability to compensate for an imbalanced supply N:P ratio by 
allocating resources to the acquisition of the more limiting resource.  For instance, increased 
phosphatase activity by roots in A. linearis may have increased available P, because the demand N:P 
ratio was lower than the more N limiting supply N:P ratio, and enhanced plant growth; prolific 
nodulation in P. calyptrata increased the available N:P ratio and the accumulation of biomass to the 
levels of that in plants receiving high levels of nitrate.  Balanced nutrition, therefore, is clearly 
important to plant growth, as has been demonstrated by the prevalence of synergistic growth 
responses to simultaneous addition of N and P (Elser et al. 2007; Bishop et al. 2010; Craine and 
Jackson 2010; Harpole et al. 2011; Maistry et al 2013). 
Legumes are noted to be abundant after fire (Brown and Mitchell 1986; Manders 1990).  This may be 
the result of their ability to cope with changes and imbalances in soil nutrients during this time.  It has 
been argued, however, that the inability of legumes to persist late into the post-fire succession may be 
due to low allocation of biomass to roots relative to non-legumes (Power et al. 2010).  Although the 
increased expression of P acquisition mechanisms in response to low P supply (in A. linearis, P.
calyptrata, P. burchellii and P. myrtillifolia) are noteworthy, it is the substantial responses in cluster 
root formation, and phosphatase and organic acid exudation (A. linearis) and root organic acid 
exudation and PEPC and MDH activity (P. calyptrata) to severe P limitation induced by greater N 
supply, which suggests that legumes are actually well adapted for acquiring or recycling P.  Further 
experiments, comparing A. linearis, P. calyptrata and model non-legume species in Proteaceae 
(Hawkins et al. 2007; Shane et al. 2008; Lambers et al. 2011), for instance, would be required.  Other 
hypotheses, investigating ecological processes such as competitive exclusion of legumes by non-
legumes based on differences in drought or shade tolerance or both, should also be considered. 
Whereas balanced nutrition favours synergistic growth, colimitation by N and P poses a challenge 
when investigating the physiology of wild legumes and non-legumes, with no previous history on 
adequate nutrient requirements (Power et al. 2010; Maistry et al. 2013).  Thus there is a need to 
establish the correct concentration of combined-N and P to supply to legumes and non-legume species 
for future studies, so that plants are supplied adequate levels of combined-N at low and high P supply, 
allowing for suitable comparisons to N2-fixing plants.  For instance, as discussed in Chapter 2, 
choosing 100 µM P as high P supply may require 2.3 mM N supply to meet the N demand of the P 
supplied, but supply of 2.3 mM N and 10 µM P will not support plant growth.  Our results suggest 
that an experimental design with N2-fixing and 500 µM N supply as the N treatments at a low P level 
of 10 µM P and a high P level of 25 µM P in sand culture, should be feasible.  The results on 
colimitation of plant growth are also of applied physiological interest.  In agricultural systems, 
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farmers are interested in knowing the maximum amount of combined-N that can be supplied before 
nodulation is inhibited and the benefits of the freely available fixed N2 are diminished.  Findings on 
nodulated P. calyptrata show that the appropriate level of combined-N supply will vary depending on 
the level of P supplied.  For instance, at low P supply of 10 µM P, more than 100 µM N supply may 
reduce N2-fixation, whereas at high P supply, plants may receive up to 500 µM N before nodulation is 
depressed.  Therefore the level of P in the soil will have to be diagnosed and then the appropriate 
amount of N should be supplied, after first conducting N × P studies on the crop.  It needs to be 
recognised, however, that there is a minimum concentration of each element that can support growth, 
and below which the ratio of the different elements is not important.  Above these thresholds of 
nutrient concentrations, the ratio of elements becomes meaningful, and it is above these thresholds 
where colimitation can occur. 
N2-fixation is presumed to be demanding of P (Israel 1987; Hellsten and Huss-Danell 2002), a 
premise that forms the basis of most theories and hypotheses on legume physiology and ecology 
(Vitousek et al. 2002; Power et al. 2010; Cramer et al. 2014).  This premise is based on the significant 
increase in biomass accumulation that legumes show when supplied more P (Jakobsen 1985; Israel 
1987; Pereira and Bliss 1987; Drevon and Hartwig 1997).  This result is juxtaposed against the 
unresponsiveness of non-legumes to P fertilisation (Hawkins et al. 2007; Power et al. 2010) which is 
interpreted to signify a lower demand for P by plants acquiring combined-N.  It was clearly apparent, 
however, that limitation by N can prevent an increase in biomass accumulation to increased P supply 
(non-nodulated A. linearis), whereas in N2-fixing plants, the ability to meet the N demand of greater P 
supply (P. calyptrata) results in enhanced biomass accumulation.  Colimitation of nodulation by N 
and P showed that nodulation was a regulated response to N demand.  Furthermore, the similar 
response to increased P supply (Robson 1983) and similar biomass and leaf N:P ratio between N2-
fixing and NO3-supplied P. calyptrata plants receiving high P supply of 15 µM P indicates that the 
N2-fixing and NO3-supplied plants have the same demand for P.  Hence, embracing the concept of 
colimitation can lead to a more nuanced understanding of resource limitation of plant growth. 
The five legume species in this study have each shown unique responses at the whole plant level, 
within the broad categories of adaptations to P stress (Vance et al. 2003).  Although the current work 
has elucidated previously unknown functional adaptations within the fynbos species, this should form 
the basis for future studies to focus on how these mechanisms are controlled at the cellular level.  In 
this regard, the use of modern genomic tools such as metabolome, transcriptome, or proteome profiles 
may reveal the underlying mechanisms that underpin these whole plant responses.  In model legumes 
and non-legumes (Hammond et al. 2004; Hernández et al. 2007; Hernández et al. 2009), this approach 
towards cellular mechanisms has already revealed different levels of control over the response to P 
deficiency.  Moreover, the “-omics” level analyses would enable the understanding of network 
69 
interactions among gene expression, protein synthesis and metabolites, in a P stress “interactome”, in 
order to validate the whole plant level responses.  This would be of particular interest in legumes that 
have evolved on nutrient poor soils. 
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